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Abstrat
Partile deposition in the lungs have so far been modeled mainly with the
assumption of laminar ow. In the present study, several RANS turbulene
models are used to simulate the airow and partile deposition in the human
respiratory system. The results are ompared to LES referene data, and it is
demonstrated that relatively simple two-equation eddy visosity models seem
adequate to reprodue the primary features of the ow eld. The present
study seems to suggest that the RANS approah gives realisti results for
partiles with diameters dp ≥ 10 µm.
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Nomenlature
The following physial quantities are used throughout this paper. Note that
purely mathematial notation, suh as unknown oeients, example fun-
tions, indies or spei turbulene model parameters, are not inluded in
the following. Quantities with index i refers to vetor quantities, whereas
index n refers to some other ounting proedure. Dimensions are as listed
below, exept when stated otherwise in the text.
Roman Symbols
A area vetor (m
2
)
An the area of a ell fae (m
2
)
C mean part of salar eld
c utuating part of salar eld
c˜ total instantaneous salar eld
Dij olletion of transport terms for uiuj (m
2
/s
3
)
dp partile diameter (m)
dk gradient diusion model for k (m2/s3)
dp pressure diusion of k (m2/s3)
dt turbulent transport of k (m2/s3)
dε gradient diusion model for ε (m2/s4)
dνˆT gradient diusion model for νˆT (m
2
/s
2
)
FD spei Stokes drag fore on a partile (1/s)
Fxp virtual mass and pressure gradient fores on a partile (m/s
2
)
Gn airway generation number
gi gravitational aeleration (m/s
2
)
gxp gravitational aeleration omponent in the xp diretion (m/s
2
)
Jn the mass ux through a ell fae (kg/s)
K mean kineti energy (m2/s2)
k turbulent kineti energy (m2/s2)
L length sale (m)
ℓµ, ℓε length sales in the two-layer zonal model (m)
P mean part of pressure eld (kg/ms2)
p utuating part of pressure eld (kg/ms2)
Pk prodution of k (m
2
/s
3
)
Pij prodution of uiuj (m
2
/s
3
)
PνˆT prodution of νˆT (m
2
/s
4
)
p˜ total instantaneous pressure eld (kg/ms2)
Re the Reynolds number (1)
Rew the wall distane based Reynolds number (1)
Sij mean rate of strain (m
2
/s
2
)
T time sale (s)
t time (s)
U veloity sale (m/s)
Ui mean part of veloity eld (m/s)
U
inlet
mean inlet veloity (m/s)
U
max
maximum mean inlet veloity (m/s)
U+ dimensionless mean veloity eld (1)
ui utuating part of veloity eld (m/s)
u˜i total instantaneous veloity eld (m/s)
u˜p uid veloity in the xp diretion (m/s)
u˜xp partile veloity in the xp diretion (m/s)
u∗ frition veloity (m/s)
v veloity vetor (m/s)
vn veloity normal to a ell fae (m/s)
x spatial vetor (m)
x, y, z spatial (Cartesian) oordinates (m)
xi spatial oordinate (m)
xp diretion tangent to a partile trajetory (m)
YνˆT turbulent destrution of νˆT (m
2
/s
4
)
yw distane from the losest wall (m)
y+ dimensionless distane from the wall (1)
Greek Symbols
αc salar diusivity (m
2
/s)
ε dissipation of k (m2/s3)
εij dissipation of uiuj (m
2
/s
3
)
λ moleular mean free path (m)
µ (dynami) visosity of air (kg/ms)
µT eddy visosity (turbulent visosity) (kg/ms)
µT,2layer eddy visosity as omputed in the two-layer zonal model (kg/ms)
ν kinemati visosity of air (m2/s)
νT kinemati eddy visosity (m
2
/s)
νˆT modied kinemati eddy visosity (m
2
/s)
ρ density of air (kg/m3)
ρp partile density (kg/m
3
)
τ turbulent time sale (t)
τw wall shear stress (wall frition) (kg/ms
2
)
Φij pressure-strain orrelation (m
2
/s
3
)
Ωij mean rate of rotation tensor (1/s)
ω dissipation of k per unit k (1/s)
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Introdution
1.1 Bakground
Deposition of inhaled aerosols, suh as partiles or droplets ontaining ba-
teria or pollutants, in the human airways an lead to pulmonary diseases like
asthma or emphysema, and evidene suggests that it may also be linked to
the origin sites of bronhial arinoma (Radhakrishan and Kassinos, 2008).
Furthermore, when administering oral drug delivery, experiments indiate
that as muh as 8090% of the mediine never reahes its target areas (Kle-
instreuer et al., 2008b). For these reasons, it is of great interest to be able
to predit partile deposition in the lungs. That way, targeted therapy an
be improved.
Most Computational Fluid Dynamis (CFD) models have until reently
assumed the airow in the respiratory system to be laminar. This assump-
tion holds only in the lower parts of the airways, roughly below the third
branhing generation, where the bronhus diameters are small. Experiments
by Cheng et al. (1999), Caro et al. (2002) and others have shown that the
airow in the trahea and upper branhes of the lung is turbulent. Reent
omputations (Radhakrishan and Kassinos, 2009) seem to indiate that tur-
bulene may be present even in the lower airway parts. Although the loal
Reynolds number is too small to loally produe turbulene in the narrow
bronhi, turbulene may still be adveted to these regions from the upper
airways, where turbulene is loally produed. Turbulent mixing greatly
aets partile deposition, as turbulene allows for transverse transport of
partiles following the general diretion of the ow. For gases suh as air,
dimensional analysis an be used to show that turbulent mixing dominates
moleular diusion by a fator of the order of the Reynolds number.
Radhakrishan and Kassinos (2008) performed Large Eddy Simulations
(LES) of the airow in the upper parts of the human airways, and they used
this to predit partile depositions for various partile sizes. LES, however, is
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omputationally demanding; it requires a very ne grid lose to impermeable
surfaes, it needs to be resolved in time, and it requires ensemble averaging of
many hundreds of breathing yles in order to provide any useful statistis.
In the present study, a seletion of Reynolds-Averaged Navier-Stokes (RANS)
turbulene losures have been employed to model ow in the same geometry
as was used by Radhakrishan and Kassinos. The results have been ompared
with referene data from the aforementioned LES simulations. Even though
RANS models annot predit true laminar ow whih might exist in the lower
lung branhes, the present study shows that this inability seems seondary
for the predition of large partile deposition, in whih ase inertia beomes
more important.
This paper is divided into several setions. The urrent introdution
serves as the rst setion. Then, seondly, the neessary theoretial basis
will be established. Preliminary onepts will be introdued, and RANS
turbulene modeling will be treated in detail. The theoretial setion enters
on the mathematis and physis of turbulent ows. In the third setion, the
numerial aspets of the study will be dealt with, as well as the spei setup
for my simulations. The simulation results are then disussed in the fourth
setion, and onluding remarks are given in the fth and last setion.
1.2 Objetives
The objetives of this thesis may be summarized as follows:
1. Investigate various turbulene models, in partiular with regards to
appliations related to the airow in the human respiratory system.
2. Condut numerial simulations of the ow in the airways, in whih
dierent mathematial turbulene models are used and ompared to
eah other and referene data.
3. Look into ways of inorporating aerosol transport and deposition in
the above simulations.
4. Investigate how statistially unsteady turbulent ows may be modeled
by the RANS equations, and onsider how this may be implemented
in the above simulations.
When appropriate, I will put my researh in ontext with other relevant
studies in the same eld.
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2
Theory
2.1 Preliminaries
Before embarking on the objetives of this paper, some underlying onepts
need to be dealt with. In partiular, the onepts of aerosols and turbulene
require some disussion. I will also give a brief introdution to averaging
proedures, as these are ommonly employed in turbulene modeling, and a
denition of the summation onvention used with index notation.
2.1.1 Turbulene
In a qualitative manner, a turbulent ow of a uid an be reognized by
haoti and swirling motions, onsisting of whirls and vorties on many
length sales. Most real-life ows are turbulent, but some illustrative ex-
amples are smoke from a igarette a few feet away from the smoke's origin
(see Figure 2.1 on the following page), the water in a rapidly owing river
or a waterfall, or the mixing of tea and milk. The eets of turbulene are
perhaps experiened most vividly in an airplane entering turbulent layers of
air.
More preisely, a turbulent ow is a ow haraterized by the following
(Durbin and Petterson Reif, 2003, p. 2):
 High Reynolds numbers: Re = ULν & 10
3
, where U is a harateristi
veloity sale, L is a harateristi length sale and ν is kinemati
visosity.
 Diusion, i.e. rapid transportation and mixing of momentum, temper-
ature, kineti energy et.
 Dissipation, i.e. turbulene kineti energy is transformed into internal
energy by means of deformation work by visous stresses.
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 Vortial ow strutures of varying sales.
 Three-dimensional ows. Turbulene annot sustain itself in one or
two dimensions!
1
Note that the above harateristis are properties of turbulent ows, not
uids. It is important to be aware of this when designing or hoosing among
turbulene models. A ow whih is not turbulent is alled laminar. Both
laminar and turbulent ows satisfy the ontinuum hypothesis (Durbin and
Petterson Reif, 2003, p. 49).
Figure 2.1: Smoke illustrating the transition from laminar to turbulent ow.
Photo: Jan Olav Langseth
It has been shown that any ow  laminar or turbulent  an be desribed
fully by the Navier-Stokes equations and onstitutive equations like the state
or energy equation (Kundu and Cohen, 2008, p. 547). Thus, it is natural to
use these equations as a starting point for developing turbulene models. The
derivation of the Navier-Stokes equations an be found in any introdutory
book on uid mehanis, suh as that of Kundu and Cohen (2008), and it
is assumed the reader is familiar with them. I will use the Navier-Stokes
equations as a basis in the turbulene theory setion.
Stritly speaking, the Navier-Stokes equation refers only to the equation
for onservation of momentum. However, it is not unommon to mean both
the mass and the momentum onservation equations when talking about the
Navier-Stokes equations in plural. I will follow the latter onvention in this
paper.
1
Obviously, real two-dimensional geometries do not exist in the physial world. How-
ever, it is important to remember that one an never simplify a ow to a two-dimensional
ase when modeling turbulene.
10
2.1 Preliminaries
2.1.2 Aerosols
When mirosopi partiles are dispersed in a gas, it is ommon to refer
to them as aerosols. It is important to understand that aerosols only in-
lude partiles arried by gas. The onept does not refer to e.g. partiles
falling through a gas or being lumped together in larger hunks. Due to this
fat, aerosols are limited to partiles of about 100 µm or less in diameter.
Otherwise, even the lightest partiles beome too heavy for the gas to arry.
In uid mehanis, the presene of aerosols is often modeled by a salar
eld. The value of the eld at a given point in spae and time says something
about the onentration of the aerosol in this point. Usually, some sort of
average is taken (see Setion 2.1.3), but instantaneous onentration values
are also possible.
If the aerosol partiles do not aet the ow eld, they are often referred
to as passive aerosols, passive salars or passive ontaminants. Aerosols
whih do aet the uid ow elds are alled ative salars.
Passive aerosols are relatively easy to model, one the ow eld of the
uid is known. Sine the aerosols do not aet the ow, one an ompute
rst the ow eld without regards to the aerosols and then the aerosol on-
entration eld. The lak of eet of the aerosols on the ow eld is why
they are alled passive, and it is also the reason for why the ow eld and
aerosol equations are unoupled.
Ative salars pose a bigger problem. Here, the equations for the ow
eld and the onentration eld are oupled and must thus be solved simul-
taneously.
2.1.3 Averages
An introdution to the onept of ensemble averaging and its relation to
spatial and time averages will also be useful.
Even though turbulene is fundamentally deterministi (it an in theory
be found from the Navier-Stokes equations), it also has a stohasti nature.
That is, it is possible to say something general about turbulent strutures,
mean veloities, ow developments and so forth, but it is impossible to pre-
dit exatly how the details of the ow will look at a ertain time. The latter
follows from the fat that any initial and boundary ondition of a problem
is subjet to small perturbations, and that turbulent ows display an aute
sensitivity to suh perturbations. Consult Pope (2000, p. 34) for a more
thorough treatment of this issue.
In light of the above, we might want to use statistis to desribe turbu-
lene  and indeed we will, as shown in Setion 2.3. But how should the
turbulent ow be averaged?
The ideal way to nd the perfet average of a turbulent ow would be
to run innitely many experiments with as lose to idential onditions as
11
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(a) Instantaneous ow eld. (b) Ensemble averaged ow eld.
Figure 2.2: Turbulent ow illustrated by smoke (Su and Mungal, 1999).
possible and then average the results. Thus, if fi = fi(x, t) represents some
measured eld from experiment i, we ould nd the average eld f of all the
experiments via
f(x, t) ≡ lim
N→∞
1
N
N∑
i=1
fi(x, t)
The above average f is alled an ensemble average of the eld f . Note
that even if f still depends on spae and time, information about the indi-
vidual experiments has been lost. Namely, we are left with an expression for
how the statistis of f vary in time and spae. This means, for example,
that if fi osillates at a low, stable frequeny with the same phase in all the
experiments, the ensemble average will also exhibit this property. However,
if eah fi onsists of rapid, varying osillations out of phase with the osilla-
tions of the other experiments, these will be smoothed out in the ensemble
average and result in a onstant mean value. Figure 2.2 illustrates this.
A problem with the above is that we an never perform innitely many
experiments. We annot let N → ∞. Instead, we have to hoose N large
enough to approximate the ideal average. But even N experiments an be
hard to perform, espeially when the onditions must be similar in eah one.
Fortunately, for experimental purposes, one an tie the ensemble average to
the time average.
If we onsider the eld fi(x) at a given time as one experimental sam-
ple, we an easily ollet hundreds of samples by letting one experiment run
through hundreds of onseutive measurements in time. When we then av-
erage these time samples over the time period the experiment has lasted, we
12
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nd an approximation to the ensemble average, i.e.
f(x) =
1
T
∫ T
0
f(x, t)dt
where T is a suitable time sale muh larger than the time sale of any
turbulent utuations in f . By averaging this way, we essentially average
over an ensemble of times.
Note in the above that large-sale utuations may also disappear, de-
pending on T . Hene, the above approah is appliable only if f is statisti-
ally steady, i.e. that the statistis of the elds fi are onstant in time, or
vary in time on a time sale muh larger than T .
As turbulene an only sustain itself in three dimensions, area averaging
might not make a lot of sense. Nevertheless, one ould nd the equivalent of
the above time average approximation in terms of spatial averages. Consider
for example a pipe in whih several ross-setional uts of data are measured
through time. One ould then average the results from the ross-setions and
nd an ensemble average of all the ross-setions, giving information about
the statistis of a eld in a ross-setional ut of the pipe. This average eld
would vary in time, but in analogue with the previous example, we would
here require a statistially fully developed eld.
A nal point on averages regards the linearity of the averaging proe-
dure. As seen from the denitions above, averaging of any kind is a linear
proedure. Thus it is easily proven that the following relations hold, e.g. for
the ensemble average:
a) Linearity: c1f + c2g = c1f + c2g, where c1, c2 are non-random onstants.
b) Average of average: fg = fg
These relations will be used later, when developing the basis of turbulene
modeling. A onvenient notation for vetor equations will also be needed,
whih I will touh upon briey in the following.
2.1.4 Index Notation
When dealing with a lot of vetor and tensor quantities, index notation is
often used for simpliity. Briey this means that if an index (marked with
a subsript letter, e.g. i) appears one per term in all terms of an equation,
the equation holds for all values of the index that an be hosen (suh as 1,
2 and 3 for three-dimensional systems). Suh an index is alled a free index.
An example would be the equation ui = 2x
2
i , whih in three-dimensional
spae implies that
u1 = 2x
2
1, u2 = 2x
2
2, u3 = 2x
2
3
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In other words, the index refers to eah omponent in a vetor. The above
example also brings us to one further notational onvention. It is ommon to
let x1 = x, x2 = y and x3 = z, where x, y and z are the standard artesian
oordinates.
In onnetion with index notation, I will also employ what is known
as Einstein's summation onvention: If an index appears twie in a term,
this term is summed up over the range of possible index values in a given
equation. For the three-dimensional ase, this would for example imply that
uiui = u
2
1 + u
2
2 + u
2
3
Suh an index is alled a dummy index.
In addition to the above, I will use the abbreviations ∂i =
∂
∂xi
and ∂t =
∂
∂t .
Finally, the index notation will also be applied to tensors. It is assumed
the reader is familiar with tensors and their usage. If not, the book by Kundu
and Cohen (2008) is reommended for an introdution. In index notation, a
tensor T has i× j omponents denoted by Tij .
Index notation will be used when dealing with the theory behind turbu-
lene modeling. But rst, onsidering the objetives of this paper, we should
aquaint ourselves a bit more with the geometry of the human respiratory
system.
2.2 The Flow in the Human Airways
2.2.1 Anatomy
The human respiratory system onsists largely of the upper respiratory trat
and the lower respiratory trat. The former inludes the nasal passages, the
pharynx and the larynx (voal fold), whereas the latter is omposed of the
trahea (windpipe), the primary bronhi and the lungs. Figure 2.3 on the
faing page illustrates these parts.
One also sometimes divides the respiratory system into funtional parts,
namely the onduting zone, the transitional zone and the respiratory zone.
The rst of these three is the region for gas transport from outside the body
down to just above the alveoli and is thus the only relevant funtional zone
for our purposes.
Inspirational airow passes either via the nasal passage or the mouth
and then ows through the pharynx. Close to the pharynx, the epiglottis is
loated. The epiglottis is a fold that loses when swallowing food or drink,
and it is naturally open during normal breathing. The air then ows through
the larynx (the voal hords) and down the trahea. The trahea is usually
10-12 m long and 2025 mm in diameter in adult humans and resembles a
irular pipe. Finally, the air goes into the bronhi, whih lead the ow to
the pulmonary alveoli, where gas exhange with the blood ours by means
14
2.2 The Flow in the Human Airways
Figure 2.3: The human respiratory system and its main parts (Britannia Conise
Enylopedia).
of diusion. Here, O2 is deposited to the body, and CO2 is retrieved to be
transported out of the body. The right main bronhus (at the rst branhing
of the trahea) is a bit shorter and steeper than the left (Dahl and Rinvik,
2007). This is usually negleted in omputer models (see Setion 2.2.2).
As mentioned earlier, the transport of aerosols is often of interest when
modeling the ow in the human airways. The body must lter out as many
partiles as possible before the air reahes the lungs, and this proess begins
already in the mouth and nose. The nasal avity aptures partiles bigger
than about 10 µm in diameter (Slak, 2005), but the mouth has no suh
ltering system. However, as disussed in Setion 2.1.2, aerosols are always
smaller than 100 µm in diameter, so no aerosol researh should onsider
partiles larger than this.
As the air ows into the lungs, some partiles are trapped in the muus
along the trahea walls and transported bak up into the mouth and nose
along with the muus, while some travel all the way down to the bronhi.
The partile deposition pattern depends greatly on the ow and partile size
(Zhang and Kleinstreuer, 2004), and this is a subjet of ongoing researh.
As disussed earlier, the results of suh researh an be of great signiane
when onsidering the administration of inhaled drugs or in the researh of
ertain lung diseases.
A last point is worth mentioning in regard to the airow. As the air
travels toward the lungs, its temperature and humidity inreases drastially.
At the alveoli, the air has reahed body temperature and 100% humidity
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(Sand et al., 2007, p. 383). This hange of physial properties may aet
the ow dierently than if the air was kept at onstant temperature and
pressure. It might be worth the time to onsider this fat when modeling
the ow in the airways. As the air travels out from the lungs, its properties
stay roughly the same until it exits the trahea.
2.2.2 Geometrial Model
Modeling the ow in the human airways is hallenging for a number of rea-
sons, even with numerous simpliations. In this study, the dynamis of
the geometry assoiated with moving walls have been negleted, as have the
dierenes in temperature and humidity between the air entering the mouth
and the environment in the lower bronhi. This is, at least for the upper
parts of the airways, a relatively aeptable simpliation.
The present geometry, also used by Radhakrishan and Kassinos (2008), is
based upon measurements performed by Cheng et al. (1999). These measure-
ments inlude ross-setional areas and irumferenes at dierent loations,
and the radius of urvature in a ast of a human thorax. The upper part
of the airways was reated using this data. The lower part of the present
airways model, i.e. the lower trahea and the branhes of the lungs, were
modeled with Weibel's (1963) branhing model (Model A) with a branhing
angle of 30
◦
. Aording to Radhakrishan and Kassinos, Weibel's model was
saled to math the diameter of the trahea from the thorax ast. Only the
three highest branhing levels were onsidered. In the lower branhes (the
fourth generation and below), the ow is laminar and thus of little interest
to this study. Also, for the smaller bronhi, the eet of moving walls is no
longer negligible. A piture of the atual omputer model used in this study
are given in Figure 2.4 on the next page. Note the indiated ut planes in
the omputer model, as these will be referred to later.
In Weibel's branhing model, the term generation is used to speify the
level of branhing in question. The trahea is the zeroth generation, G0,
and the primary bronhi, i.e. the rst branhing, is onsidered to be the
rst generation, G1. Thereafter, eah branhing denotes a new generation,
Gn. In the non-planar model, eah new branhing generation is in a plane
rotated 90
◦
from the plane of the previous generation. The angle between
the two branhes of a generation is referred to as the branhing angle. Eah
generation is similar to the preeding generation exept for its size, and
within eah generation, eah branh is onsidered idential to the other 
the model is symmetri from G1 downward. Note that the symmetry of the
airways model onstitutes a simpliation of real airways.
Although natural breathing implies unsteady ow, steady inspirational
breathing at a rate of 60 l/min have been onsidered in this study. This
ow rate onstitutes relatively rapid breathing. Inspirational ow has been
used, as this provides the most pronouned eets of the geometri hanges
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Figure 2.4: Geometrial model, shown with the ut planes used in the present study.
in the airways (Kleinstreuer et al., 2008a), and beause partiles enter the
respiratory system through inhalation.
Previous models of the ow in the human airways have generally assumed
laminar ow, suh as in the simulations of Liu et al. (2002) and Comer
et al. (2001a,b). In fat, though, laboratory experiments have shown the
ow in the upper airways to be generally turbulent (Cheng et al., 1999).
Hene, a turbulene model of the airow will be more realisti than a laminar
model, although of ourse more ompliated as well. Dimensional analysis
an be used to show that turbulent mixing is of the order of thousand times
more eient than moleular diusion in gases suh as air. This, of ourse,
has an enourmous impat on partile deposition. In the third branhing
generation and below, however, the diameters of the branhes are onsidered
small enough to laminarize the ow, so models used in these lower branhes
may neglet turbulene eets. The two aforementioned laminar models did
indeed only model G3 and below. Reent omputations (Radhakrishan and
Kassinos, 2009) suggest, though, that turbulene might be adveted down
to the lower branhes as well, so the assumption of laminar ow in those
regions might not be entirely orret.
One an implement several turbulene models in order to model the ow
in the airways. Choosing a model is not an easy task, nor is it inonse-
quential. A thorough understanding of turbulene  both physially and
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mathematially  is beneial when deiding whih turbulene model to use
in a simulation. This leads to the next setion.
2.3 General Turbulene Modeling
As disussed in Setion 2.1.1, turbulent ows as well as laminar ows are
governed by the Navier-Stokes equations. That is, for inompressible, New-
tonian uids, one has the momentum onservation equation
∂tu˜i + u˜j∂j u˜i = −1ρ∂ip˜+ ν∂j∂j u˜i + gi, i = 1, 2, 3 (2.3.1)
and the mass onservation equation
∂iu˜i = 0 (2.3.2)
in whih index notation and the summation onvention is used to denote
vetors and tensors.
In the Navier-Stokes equations above, u˜i denotes the veloity eld of the
uid, p˜ refers to the pressure in the uid, and ρ and ν denote the density
and kinemati visosity of the uid, respetively. Gravitational aeleration
is given by gi. All turbulene modeling uses equations (2.3.1) and (2.3.2) as
the primary basis.
If we ould solve the above equations with preise boundary and initial
onditions and without any simpliations or approximations, we would be
nished. The solution would exhibit all harateristis of the atual ow
and predit aurately the ow's development in time and spae. Unfor-
tunately, solving the above equations exatly is out of the question, both
analytially and numerially. Even solving them using a diret numerial
simulation approah (DNS) is extremely time-onsuming and still subjet
to omputational auray and knowledge of boundary onditions (White,
2006).
2.3.1 The Reynolds-Averaged Navier-Stokes Equations
Turbulent ows appear haoti and rapidly hanging, but even so, it is usu-
ally possible to reognize some steady patterns in the ow. Namely, un-
derneath the apparent haos of turbulene, there is a more general trend.
Fortunately, when prediting uid ow, it is often the general trends  i.e.
the development of the mean values of the veloity and pressure elds 
whih are of interest. This motivates the implementation of Reynolds de-
ompositions. Applying this onept, we separate u˜i and p˜ into one average
part and one utuating part, i.e.
u˜i(x, t) = Ui(x, t) + ui(x, t) (2.3.3)
p˜(x, t) = P (x, t) + p(x, t) (2.3.4)
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where Ui and P denote the ensemble averaged parts of the veloity and
pressure elds and ui and p denote the utuating parts of the elds. The
latter quantities are due to turbulene, so in the ase of laminar ow, Ui and
P would represent the full solution.
Note that, due to the averaging proess, Ui and P only vary with t if the
ow is statistially unsteady. Thus, for example in a turbulent ow driven
by a onstant pressure gradient, Ui and P are independent of time. The
averaged terms for the mean ow are obtained via ensemble averaging, i.e.
Ui = u˜i and Pi = p˜i (see Setion 2.1.3).
To obtain mass and momentum onservation equations for the mean
veloity and pressure elds, we insert the Reynolds deompositions (2.3.3)
and (2.3.4) into (2.3.1) and (2.3.2) and take the ensemble average of the
resulting equations. Using the properties of the ensemble average derived in
Setion 2.1.3, we nd
∂tUi + Uj∂jUi = −1ρ∂iP + ν∂j∂jUi − ∂juiuj (2.3.5)
∂iUi = 0 (2.3.6)
whih onstitute the Reynolds-Averaged Navier-Stokes (RANS) equations,
the basis for a lot of further turbulene modeling. Most modeling in this
paper will also enter around the above equations. A speial note on the last
term in (2.3.5) is appropriate at this point.
The Reynolds Stresses
The last term in (2.3.5) is the derivative of the so-alled Reynolds stress
tensor. The term originates from the advetion term u˜j∂ju˜i in (2.3.1) and
is originally, after deriving (2.3.5), on the form uj∂jui. We an, however,
obtain the mass onservation equation for the utuating eld by subtrating
(2.3.6) from (2.3.2). Thus we have that ∂iui = 0, from whih we see that
uj∂jui = ∂juiuj .
The Reynolds stresses are not really stresses, but they have the same
dimensions as visous stresses. The last term in (2.3.5) is unknown and
arises beause of the averaging proess. This is a ommon problem when
averaging non-linear equations: The very utuations we try to avoid by
averaging ome bak in the form of an extra unknown variable in the averaged
equation. Thus, we require extra equations in order to solve (2.3.5) and
(2.3.6) ompletely  the problem has beome unlosed. Physially, our extra
term says something about the average eet of turbulent advetion on the
average ow eld. In some ases it an, as mentioned, also be thought of as
stresses or momentum transport.
In order to lose the RANS equations, we must nd a losure model
for the Reynolds stresses uiuj , and this is what ontemporary turbulene
researh is often about  how to lose the RANS equations satisfatorily?
19
2 THEORY
Before moving on to this, one more onept needs to be introdued. We shall
look at some useful transport equations.
2.3.2 Transport Equations
Transport equations say something about the transport or distribution of a
quantity. It essentially onnets the total rate of hange of the quantity to
the physial phenomena responsible for reating or removing the quantity.
The Reynolds Stresses
Before trying to model the Reynolds stresses, we an derive an exat equation
for uiuj . We won't be able to solve this equation, due to the many unknowns
it ontains. In spite of this, the equation is worth a look, as one might gain
a ertain physial insight from the terms ontained in the equation. In
addition, the equation for uiuj is an important part of some losure models.
If we subtrat the averaged momentum equation (2.3.5) from the original
momentum equation (2.3.1), we obtain an equation for the onservation of
momentum for the utuating part of the veloity eld, ui, as given below.
Note that, aording to the index onvention, we sum some of the terms over
the dummy index k, while i is the free index.
∂tui + Uk∂kui + uk∂kUi + ∂k(ukui − ukui) = −1ρ∂ip+ ν∂k∂kui (2.3.7)
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Now, if we multiply this equation by uj , average it and then add the
result to the same equation as itself, only with i and j reversed, we obtain
 after some algebra  the Reynolds stress transport equation (RSTE). It is
given by
total rate of hange︷ ︸︸ ︷
∂tuiuj + Uk∂kuiuj =− 1ρ(uj∂ip+ ui∂jp) pressure redistribution
− 2ν∂kui∂kuj visous dissipation
− ∂kuiujuk turbulent transport
− uiuk∂kUj − ujuk∂kUi prodution of uiuj
+ ν∇2uiuj moleular visous diusion
(2.3.8)
in whih I also have inluded the physial phenomenon assoiated with eah
term. For the rst two terms on the right-hand side, the negative signs are
not inherent in the physial quantities. In the remaining terms, the negative
(or positive) signs stem from the expressions whih represent the physial
phenomena.
There are three unknowns in (2.3.8): Redistribution, visous dissipation
and turbulent transport. Turbulene models utilizing the RSTE thus have
to model these terms in some way.
Turbulene Kineti Energy
Turbulene kineti energy is a most useful onept when trying to quantify
the amount of turbulene in a ow. It represents the kineti energy due to
turbulent utuations and is equal to half the trae of the Reyolds stresses,
i.e. k ≡ 12uiui. Sine it is a salar, it is also relatively easy to illustrate k
qualitatively (e.g. for a ross-setional area or a simple 3D geometry) after
running turbulene simulations.
The turbulene kineti energy equation (TKEE) deals with the transport
and distribution of turbulene kineti energy, k, in the ow. It an be derived
either diretly from the Reynolds stress transport equation by means of index
ontration, or it an be derived in a similar way as (2.3.8). The rst one is
the easier way: Simply let i = j in (2.3.8) and use the denition of k (whih
essentially implies division by two). One then obtains
total rate of hange︷ ︸︸ ︷
∂tk + Uk∂kk =− 1ρ∂iuip pressure diusion, dp
− ν∂kui∂kui visous dissipation, ε
− 1
2
∂kuiuiuk turbulent transport, dt (2.3.9)
− uiuk∂kUi prodution of k, Pk
+ ν∇2k moleular visous diusion
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The turbulene kineti energy equation is important when modeling the
Reynolds stresses, as will be seen later. Note the resemblane of the terms
in (2.3.9) to the terms in the Reynolds stress transport equation. As with
the RSTE, the rst two terms on the right-hand side have their negative
signs from the equations, not their physial interpretation. Mentioning this,
it may also be noted that the prodution term Pk appears in the transport
equation for the mean kineti energy with the opposite sign  in other words,
energy is transferred between the mean ow eld and the utuating ow
eld.
If one were to solve the TKEE (2.3.9) for the mean ow eld and the
Reynolds stresses, there are three unlosed terms in the equation: the pres-
sure diusion, the visous dissipation and the turbulent transport.
Speies Transport
Finally, in light of the objetives for this thesis, the equation for the dis-
tribution of a passive ontaminant will be inluded. Passive ontaminants
represent transported substanes that do not aet the dynamial equations
(i.e. the veloity eld), suh as ertain pollutants, bio-areosols or hemial
substanes  see Setion 2.1.2.
The distribution of passive ontaminants is governed by advetion-diusion
equations. Let c˜ represent the (instantaneous) salar onentration eld for
the ontaminant. The instantaneous advetion-diusion equation then serves
as a starting point:
∂tc˜+ u˜j∂j c˜ = αc∇2c˜
where αc is the salar diusivity. Inserting the Reynolds deomposition
c˜ = C + c into the above equation and averaging yields
∂tC + Uj∂jC︸ ︷︷ ︸
total rate of hange
= αc∇2C︸ ︷︷ ︸
moleular
diusion
− ∂iuic︸ ︷︷ ︸
salar ux
(2.3.10)
There is one unknown term in (2.3.10), namely the salar ux. One ould
now go one step further and derive the transport equation for the salar ux.
This is done similarly to the transport equation for uiuj (the RSTE), i.e. (i)
subtrat the above equation from the instantaneous-diusion equation and
multiply by ui, then (ii) multiply the transport equation for ui (2.3.7) by c
and add it to the result of (i). This gives (next page)
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total rate of hange︷ ︸︸ ︷
∂tuic+ Uj∂juic =− 1ρc∂ip pressure redistribution
+ 12(αc − ν)∂j(ui∂jc− c∂jui) turbulent diusion
+ 12(αc + ν)∇2uic moleular diusion
− ∂juiujc turbulent transport
− (αc + ν)∂jui∂jc rate of dissipation of uic
− uiuj∂jC − ujc∂jUi rate of prodution of uic
whih is referred to as the Reynolds ux transport equation. Several terms
in this equation are usually modeled. However, just as often the salar ux
is modeled diretly instead of being omputed from the above equation.
A simple model for the salar ux will be shown in Setion 2.6, in whih
equation (2.3.10) will be revisited. In Setion 2.6, partile transport will
also be disussed from a Lagrangian perspetive.
Transport equations suh as those onsidered here are important for our
understanding of turbulene. They also play major roles in the derivation of
turbulene models, whih is the topi of the next setion.
2.4 RANS Turbulene Models
In addition to diret numerial simulations (DNS) and large eddy simulations
(LES), the RANS equations are the most known method of simulating tur-
bulent ows. The two former tehniques are generally more appliable and
aurate, but they are also muh more ostly in terms of omputer power.
Both memory and CPU requirements are enormous, and DNS in partiular
is urrently impossible to apply to real-life geometries (White, 2006). Hene,
I will emply various RANS models in this thesis. Radhakrishan and Kassinos
(2008) used LES to predit partile depositions in the human airways, and I
will ompare my RANS results to theirs in order to assess my models.
Reall that the Reynolds stresses uiuj represent the ensemble averaged
eet of turbulent advetion on the mean ow eld, and keep in mind that
uiuj is a property of the ow, not the uid. The RANS equations ontain
ten unknown variables (ounting eah omponent). Sine we only have four
equations (again ounting omponents), we have six unknowns that we an-
not nd from this system of equations. These six unknowns originates from
the omponents of the Reynolds stress tensor, given by
{uiuj} =

u1u1 u1u2 u1u3
u1u2 u2u2 u2u3
u1u3 u2u3 u3u3

and it is the eradiation of these stress omponents from the RANS equations
that is the goal of the modeling proess. In other words, one wishes to model
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the Reynolds stresses by using already known quantities or quantities that
an be obtained through ontrolled experiments. Note that sine the stress
tensor is symmetri (uiuj = ujui), we have only six unknowns, not nine.
An overview of the lasses of existing turbulene models is given in Fig-
ure 2.5. I will fous on the RANS models in this study.
Figure 2.5: An overview of the lasses of turbulene models.
2.4.1 Boussinesq's Eddy Visosity Hypothesis
The eddy visosity hypothesis is the basis for all salar RANS models, and I
will thus derive it here. In 1877, Boussinesq devised a model for the Reynolds
stresses uiuj , based on the mean rate of strain and two unknown onstants
(White, 2006, p. 441). The mean rate of strain is given by
Sij =
1
2(∂jUi + ∂iUj) (2.4.1)
and as seen from the denition above, the tensor is symmetri. Bossusinesq's
inital ansatz was a Reynolds stress tensor of the form uiuj = f(δij , Sij),
where δij is simply the Kroneker delta, also known as the identity matrix.
Furthermore, Boussinesq surmised that one ould write
uiuj = c1δij + c2Sij
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Now, by denition of the turbulene kineti energy (f. Setion 2.3.2),
we have that uiui ≡ 2k. Hene, we nd
c1δii + c2Sii = 2k ⇒ 3c1 + 0 = 2k ⇒ c1 = 23k
where we have used the summation onvention and kept in mind that Sii =
0, whih follows from the Reynolds-averaged mass onservation equation
(2.3.6). The seond onstant, c2, an be approahed by dimensional argu-
ments. We reognize the dimensions of uiuj and Sij to be m
2
s
−2
and s
−1
,
respetively, and for dimensional onsisteny, we then require the dimensions
of c2 to be m
2
s
−1
. This is idential to the dimensions of visosity. We thus
dene an eddy visosity νT , and, following Boussinesq, let
c2 = −2νT
Note that neither the eddy visosity nor the kineti energy is known, so
we still have two unknowns. However, we have redued the problem from
six to two unknowns, by reating the linear eddy visosity model :
uiuj =
2
3kδij − 2νTSij (2.4.2)
Further salar modeling onentrates around nding or modeling the two
remaining quantities properly. There are numerous ways to do this, most of
whih add extra equations to the RANS system in order to lose it.
2.4.2 Zero-Equation Models
Zero-equation models add no extra equations to the RANS equations. In-
stead, the models attempt to nd algebrai expressions for the unknown on-
stants in the eddy visosity hypothesis. The most well-known zero-equation
example is Prandtl's mixing length model. However, as this model an only
be used in a few ases  mainly geometries whih an be approximated as
one-dimensional  I will not onsider it in this paper. Consult e.g. White
(2006) for details of the model.
2.4.3 One-Equation Models: Spalart-Allmaras
One-equation models add one extra equation to the RANS equations, and
so reate a larger set of equations that must be solved simultaneously. Most
of these models add the time-mean equation for turbulene kineti energy or
eddy visosity to the system, plus some algebrai formulas to model various
terms. This idea has not been overly popular, due to the diulty of nding
neessary length-sale orrelations for omplex ows, and the fat that the
model results are apparently no better than the best zero-equation models
(White, 2006, p. 441).
25
2 THEORY
However, a relatively new one-equation model, that of Spalart and All-
maras (1992), has made the one-equation approah a bit more ommon,
espeially as a quik way of running reasonably aurate test simulations.
In this model, ontrary to other one-equation models, it is not neessary to
alulate a length sale related to the loal shear layer thikness. In addi-
tion to the RANS equations, the Spalart-Allmaras model solves a transport
equation for a modied form of the eddy-visosity. The model is eonomial
for large meshes, and the modied eddy visosity is easy to resolve lose to
walls. This implies that the Spalart-Allmaras model is good for boundary-
layer ows. The model is relatively quik to onverge in a numerial solver,
and I will explore the results obtained from this model in the airways geom-
etry. The model will not be derived here, as the derivation is tedious and
gives little insight ompared to e.g. the k−ε model, but the model equations
are inluded in the following.
For inompressible ows, the transport equation for the modied eddy
visosity νˆT is given by
total rate of hange︷ ︸︸ ︷
∂tνˆT + Uk∂kνˆT = cb1S˜νˆT turbulent prodution, PνˆT
+
cb2
σνˆT
(∂kνˆT∂kνˆT ) model tuning term/diusion
− cw1fw
(
νˆT
yw
)2
turbulent destrution, YνˆT (2.4.3)
+ ∂k
(
νˆT
σνˆT
∂kνˆT
)
gradient diusion model term, dνˆT
+
ν
σνˆT
∇2νˆT moleular visous diusion
Note the resemblane to the transport equations derived in Setion 2.3.2. In
the above equation, yw is the distane from the wall. This means that the
turbulent destrution term eetively removes the (modied) eddy visosity
in the visous region lose to the wall. The tuning term ontrols the evolution
of free shear layers (Durbin and Petterson Reif, 2003, p. 140) by means of
diusion. The term an be rewritten into two diusion terms by using the
hain rule.
The modied eddy visosity, νˆT , is idential to the turbulent kinemati
visosity exept in the near-wall region. That is, in the Spalart-Allmaras
model, the turbulent kinemati visosity is given by
νT = fv1νˆT
where
fv1 =
(
νˆT
ν
)3
(
νˆT
ν
)3
+ c3v1
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The turbulent prodution term PνˆT in (2.4.3) ontains a modied defor-
mation term given by
S˜ = S + νˆTκ2y2w
fv2
where
fv2 = 1−
νˆT
ν
1 + νˆTν fv1
and S is a salar measure of the deformation tensor based on the vortiity
magnitude. In a non-rotating frame of referene, S is given by
S =
√
2ΩijΩij
where Ωij =
1
2(∂jUi − ∂iUj) is the mean rate of rotation tensor.
In the turbulent destrution term YνˆT , whih arises due to kinemati
bloking and visous damping at walls, we have that
fw = q
[
1 + c6w3
q6 + c6w3
]1/6
and
q =
νˆT
S˜κ2y2w
+ cw2
([
νˆT
S˜κ2y2w
]6
− νˆT
S˜κ2y2w
)
The gradient diusion term is a modeled term, and in the derivation of
the k− ε model in Setion 2.4.4, suh a model term is explained more thor-
oughly. Note, nally, that sine no turbulent kineti energy k is omputed,
the rst term in the Boussinesq model (2.4.2) will be ignored. The model
onstants used in the above will in this study be taken as
cb1 = 0.1355, cb2 = 0.622, σνˆT = 2/3, cv1 = 7.1
cw1 =
cb1
κ2 +
1+cb2
σνˆT
, cw2 = 0.3, cw3 = 2.0, κ = 0.4187
The speial wall boundary onditions assoiated with the Spalart-Allmaras
model are disussed in Setion 2.5
Consult e.g. the Fluent 6.3 User's Guide for further details on the
Spalart-Allmaras model.
2.4.4 Two-Equation Models: k − ε and k − ω
Not surprisingly, two-equation models add two new equations to the RANS
equation system. The equation for turbulene kineti energy (2.3.9) is always
used. In addition, a seond partial dierential equation, usually involving
time-mean turbulene dissipation, is inluded, plus some algebrai modeling
formulas for ertain quantities.
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The most ommon two-equation model is perhaps the k− ε model. Only
the derivation of this model will be treated in detail here, as other two-
equation models resemble this one. The derivation of the k − ε model gives
some insight into the modeling proedure and is perhaps the most intuitive
of the RANS models, so I will inlude it in the following. I will then mention
some other models and their main areas of appliation toward the end of this
setion.
The k − ε model
The k − ε model, presented by Launder and Spalding (1972), is the most
widely used two-equation model. As it is the most simplisti treatment of this
kind, it might also be the most likely to have any hope of further generality.
The eddy visosity νT and the turbulene kineti energy k are determined
from a set of partial dierential equations, then inserted into the Boussinesq
model (2.4.2), whih is used in the RANS equations. All equations (RANS
+ the k − ε equations) are solved simultaneously.
The two extra equations added by the k − ε model is the turbulene
kineti energy equation and a dissipation of energy equation. Reall rst
the exat k-equation, i.e. the equation for transport of turbulene kineti
energy, from (2.3.9) and the notation we introdued for the various terms
(see Setion 2.3.2). We an write (2.3.9) in a shorter way, i.e.
Dk
Dt
= Pk − ε+ ν∇2k − dk (2.4.4)
where, referring to some of the terms dened in Setion 2.3.2, we have
Pk −uiuk∂kUi Prodution of k
ε ν∂kui∂kui Visous dissipation
dk ∂iuip +
1
2∂kuiuiuk d
p
- dt (of Setion 2.3.2)
If we use the linear eddy visosity model (2.4.2) (assuming νT to be
known) in (2.4.4) and solve (2.4.4) and the RANS equations for Ui and k, we
still have two unknowns, ε and dk. Hene, to obtain losure, we need to nd
expressions or equations for these variables (and somehow model the eddy
visosity νT ). This is where the seond equation in the two-equation model
omes in.
First, let us have a look at the turbulent transport and pressure diusion
term, i.e. dk. This term ontains two physial phenomena that onveniently
an be modeled together by a gradient transport model, given by
2
dk = −∂k(νT∂kk)
2
Note that the dk model is an expliit expression, not the seond equation in the k− ε
model.
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with units of m
2
s
−3
. It is easily seen that inserting this into (2.4.4) yields
Dk
Dt
= Pk − ε+ ν∇2k + ∂k(νT ∂kk)
Now we an onentrate on the rate of dissipation of energy, ε. The
dissipation an be modeled by its own transport equation, of a similar form
as the other transport equations shown earlier. Considering homogeneous
turbulene, i.e. a turbulent eld where all orrelations are onstant in spae,
we have from (2.4.4) that
dk
dt
= Pk − ε (2.4.5)
Furthermore, in homogeneous turbulene, there is a state in whih the tur-
bulent time sale τ is onstant in time, alled strutural equilibrium  or
simply equilibrium. The turbulent time sale is the ratio between the ex-
isting turbulene kineti energy and the dissipation of it, i.e. τ = k/ε. In
equilibrium, then, we require
d
dt(
k
ε ) = 0. Using standard dierentiation rules
on this equilibrium ondition, we get that
dε
dt
=
1
k/ε
dk
dt
and inserting (2.4.5) into this we observe that
dε
dt
=
Pk − ε
k/ε
from whih we an surmise that perhaps a general ε-equation ould be
onjetured, following the form of the k-equation. Thus the seond equation
in the k − ε model is proposed as
Dε
Dt
=
cε1Pk − cε2ε
k/ε
+ ν∇2ε+ dε (2.4.6)
where dε ∼ ∂k(νT∂kε) is a gradient diusion term, similar to dk in the k-
equation. Notie the similarity to the k-equation.
To summarize, the nal form of the two-equation k − ε model is given
by the RANS equations (2.3.5) and (2.3.6), the k-equation (2.4.4) and the
ε-equation (2.4.6), plus algebrai models for some of the terms in these equa-
tions, suh as the Boussinesq model of the Reynolds stresses, (2.4.2). In the
nal version of the k- and ε-equation we also inlude two adjustment on-
stants (σk and σε) in the gradient diusion terms to allow for exibility in
tuning the model. In most models, these onstants are usually set to unity.
The eddy visosity an be found from dimensional analysis (hek the
units) to be
νT = cµ
k2
ε
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where cµ is an empirial onstant, and the prodution an be shown to be
Pk = 2νTSijSji = 2νT |S|2
where Sij is the mean rate of strain, f. (2.4.1). If these are inserted into
the k − ε model, all that remains is nding all the problem parameters, i.e.
the unknown onstants.
The k−εmodel derived here is given in full on the following page. Further
modeling of the k− ε equations is onerned with nding suitable onstants,
for whih the equations below onstitute the neessary basis.
The onstants cε1, cε2, cµ, σk and σε are still to be determined, and
they are usually found by experiments and physial reasoning. Sine most
RANS losure models are empirial (or at least semi-empirial), a lot of time
is spent trying to tune the parameters of a model to suitable values, so
that the model will behave as required for a given lass of ows. This is
a drawbak inherent in all eddy visosity models. I will not deal with any
details on how the k− ε onstants are found, but the standard values of the
onstants are taken to be (Fluent 6.3 User's Guide)
cε1 = 1.44, cε2 = 1.92, cµ = 0.09, σk = 1.00, σε = 1.30
The standard k−ε model derived above is a robust model whih is widely
used. I will therefore inlude this model in my study, despite the fat that
it is not really suited for the airways geometry, due to the presene of large
streamline urvatures. Another drawbak of the k−ε model is that it annot
be integrated lose to walls  mainly beause the turbulent timesale τ = k/ε
tends to zero at the wall  so wall funtions need to be implemented.
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The k − ε Model
Equations
Reynolds-averaged momentum onservation equation:
∂Ui
∂t
+ Uj∂jUi = −1
ρ
∂iP + ν∂j∂jUi − ∂juiuj
Reynolds-averaged mass onservation equation:
∂iUi = 0
Transport of turbulene kineti energy (k-equation):
Dk
Dt
= Pk − ε+ ν∇2k + ∂k(νT
σk
∂kk)
Transport of dissipation of k (ε-equation):
Dε
Dt
=
cε1Pk − cε2ε
k/ε
+ ν∇2ε+ ∂k(νT
σε
∂kε)
Expliit models
Boussinesq's eddy visosity model:
uiuj =
2
3kδij − 2νTSij
Eddy visosity given by:
νT = cµ
k2
ε
Prodution given by:
Pk = 2νTSijSji = 2νT |S|2
where Sij =
1
2 (∂jUi + ∂iUj) (mean rate of strain).
Other k − ε variants
As mentioned earlier, other models exist that add two extra equations to
the RANS equations. Brief desriptions of the two additional k − ε variants
I will test on my problem, whih are both related to the k − ε model, are
given in the following. Details about these models an be found e.g. in the
Fluent 6.3 User's Guide, the book by Durbin and Petterson Reif (2003) or
the book by Pope (2000).
The k − ε model with Renormalization Group methods The RNG is
dierent from the standard model in that the equations and oeients
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are derived analytially rather than empirially. This improves predi-
tions for highly strained ows.
The k − ε model with requirements of realizability The realizable k−
ε model inludes some hanges that allow ertain mathematial on-
straints to be obeyed, suh as 0 < u2i < 2k. The model oers essentially
the same benets as the RNG model, but it is better suited for ows
with separation, reirulation and streamline urvature.
The k − ω model
The k−ω model is also a widely used model, in whih ε is basially replaed
with the dissipation per unit energy, i.e. ω ∝ ε/k. As this model is usually
better near surfaes suh as walls, it if often more used in pratie than the
k − ε model. The model is superior for wall-bounded boundary layer, free
shear and low Reynolds number ows, and it is reported to perform better
in transitional ows and ows with adverse pressure gradients. Contrary
to the k − ε model, the k − ω model needs no wall funtions (exept for
omputational eieny). The major downside of the model is its sensitivity
to the free-stream boundary ondition for ω in free shear ows. Another
drawbak of the model is that it typially predits too early and too exessive
separations and ow transitions in ows where these phenomena are present.
The k-equation of the k−ω model resembles that of the k−ε model (see
Setion 2.4.4) and is given by
Dk
Dt
= Pk − β∗fβ∗kω + ν∇2k + ∂k(
νT
σk
∂kk)
(reall the notation from the k − ε derivation) whereas the ω-equation is
given by
Dω
Dt
=
αω
k
Pkβfβω
2 + ν∇2ω + ∂k(νT
σω
∂kω)
in whih α, β, β∗, σk and σω are onstant model parameters (see the end of
this setion for numerial values). The turbulent visosity is then omputed
as
νT = α∗k/ω
where α∗ is a damping oeient used for transitional (low Reynolds number)
ows, given by
α∗ = α
∗
∞
(
α∗0 +Ret/Rk
1 + Ret/Rk
)
Note that for high Reynolds number ows, α∗ = α∗∞. The quantities involved
in the above are inluded at the end of this setion.
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The α fator in the oeient of the prodution term of the ω-equation
involves α∗ and is taken as
α =
α∞
α∗
(
α0 +Ret/Rω
1 + Ret/Rω
)
in whih the various parameters are listed with numerial values at the end
of this setion. Again, for high Reynolds number ows, α = α∞.
The two funtions fβ∗ and fβ in the k − ω equations are given by
fβ∗ =
{
1 χk ≤ 0
1+680χ2
k
1+400χ2
k
χk > 0
, fβ =
1 + 70χω
1 + 80χω
in whih
χk =
1
ω3
(∂kk)(∂kω), χω =
∣∣∣∣ΩijΩjkSki(β∗∞ω)3
∣∣∣∣
where Ωij and Sij are as dened earlier in this paper, and the other quantities
are given below.
The model parameters are in this study taken to be
α∗0 = βi/3, α0 = 1/9, α
∗
∞ = 1, α∞ = 0.52
β = βi = 0.072, β∗ = β
∗
∞(
4/15+(Ret/Rβ)
4
1+(Ret/Rβ)4
), β∗∞ = 0.09
σk = 0.5, σω = 0.5, Ret =
k
νω
, Rk = 6, Rβ = 8
Other k − ω variants
As for the k−ε model, many modiations of the standard k−ω model have
been attempted. One other variant of the k− ω will be tested in this study,
namely the SST version.
The SST k − ω model Oering largely the same benets as the standard
k − ω model, the SST variant ombines the standard k − ω and k − ε
models by using a blending funtion (k−ω is used near walls and k−ε
far from walls). The model's dependeny on wall distane makes it
less suitable for free shear ows, but for other ows it might be more
aurate and quiker than the standard k − ω.
A note on the dierent two-equation models
Most of the modied k−ε models and both the standard and SST k−ω mod-
els perform better than the standard k− ε model for low Reynolds numbers
and separated ows. As mentioned earlier, however, the standard model is
still very muh in use, owing to its qualitative performane, robustness and
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simpliity. I have not inluded details of all the models in this paper, but
the derivation of them is usually largely similar in reasoning to that of the
standard k − ε model. Details an be found in e.g. Pope (2000), Durbin
and Petterson Reif (2003), Fluent 6.3 User's Guide or the individual papers
referred to in Table 3.1 on page 44.
Also note that other two-equation models exist, suh as the k−ω2 model,
the k − L model or the Expliit Algebrai Reynolds Stress Model. Other
higher-equation lasses of salar RANS models exist as well, for example the
four-equation v2 − f model. I will not treat suh models in this paper, nor
will I employ them in my numerial studies.
There is, however, one quite dierent branh of RANS modeling yet to
be explored. Widely known as seond-moment losure (SMC) modeling or
tensor modeling, the model uses the RSTE (2.3.8) to lose the RANS equa-
tions. This alternative oers onsiderable benets related to e.g. rotation
and streamline urvature, and I will go through the basis of the method in
the following.
2.4.5 Tensor Models
The three tensor models, also known as Seond-Moment Closure (SMC)
models, whih will be tested use the RSTE (2.3.8) to nd the Reynolds
stresses diretly. Eah tensor model adds seven equations to the two RANS
equations. These models, being tensor models, provide information about
eah of the nine veloity utuation orrelations uiuj , something the salar
models annot do. Thus tensor models also avoid the problem of prediting
isotropi turbulene in parallell shear ow, whih is a problem with salar
models. Moreover, tensor models avoid the (inorret) intrinsi assumption
of eddy visosity models that uiuj is loally determined by Sij (so alled
instantaneous equilibrium).
Due to the extra information available about the anisotropy of the tur-
bulene, i.e. the dierenes between veloity utuation orrelations, SMC
models are usually better than salar models at inorporating eets aused
by rotation or urvature  a highly relevant feature of ow in the airways.
However, a problem with SMC modeling is that the additional number of
oupled equations make the simulations more suseptible to instabilities in
the numerial methods. Also, simulations will of ourse require more om-
putational resoures  aording to Pope (2000), the CPU time for an SMC
alulation an often be more than that of a k− ε alulation by a fator of
two.
We an write the RSTE (2.3.8) in a slightly dierent way. By using the
hain rule reversed on the pressure redistribution term, one nds
−1ρ(uj∂ip+ ui∂jp) = −pρ(∂jui + ∂iuj)− 1ρ(∂juip+ ∂iujp)
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Inserting this into (2.3.8) and doing some minor rearrangements, it is seen
that the RSTE an be written in the form
∂tuiuj + Uk∂kuiuj =− pρ(∂jui + ∂iuj) Φij
− 2ν∂kui∂kuj εij
− uiuk∂kUj − ujuk∂kUi Pij
− ∂kuiujuk + ν∇2uiuj − 1ρ(∂juip+ ∂iujp) Dij
(2.4.7)
In the above, Φij is alled the pressure-strain orrelation term, εij is the
rate of dissipation of the Reynolds stresses, Pij is the prodution of Reynolds
stresses and Dij is a olletion of all the transport terms, namely turbulent
transport by veloity utuations, turbulent transport by moleular diusion
and turbulent transport by pressure utuations.
Now, some of the terms in (2.4.7) must be modeled. There are three
ommon models for the pressure-strain orrelation, namely a linear pressure-
strain model (LPS), a quadrati pressure-strain model (QPS) and a low
Reynolds number ω model (Low-Re). The dissipation is modeled through
the assumption of isotropi dissipation and the use of a modeled transport
equation for the salar dissipation rate. Finally, the pressure utuation
transport and the veloity utuation transport terms are modeled together
by a turbulent diusive transport term, similar to the method in the k − ε
model. The last term in Dij does not need modeling, as it ontains the
variable one is solving for.
Further details about the SMC models desribed above an be found in
e.g. the Fluent 6.3 User's Guide or the book by Pope (2000).
2.5 Wall Treatment
There are several ways to treat the eets of walls on turbulene. It is lear
that, as for laminar ows, there is a no-slip ondition on the walls, preventing
any veloity in wall-adjaent ells. However, for turbulent ows, the veloity
prole near the wall is hard to predit, as the veloity utuations is inu-
ened by eets suh as visous damping and kinemati bloking. The former
redues tangential utuations, while the latter redues normal utuations.
For some turbulene models, suh as the k − ω models, the ow hara-
teristis near walls an be found simply by integrating the equations all the
way to the wall  as long as the grid is ne enough to apture the eets
of the visous layer lose to the wall. Unfortunately, suh integration is not
possible for models suh as the k−ε or SMC models. There are many reasons
for this, but the most important one is perhaps that the turbulent timesale
τ = k/ε tends to zero at walls. Also, the model onstants will generally not
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Figure 2.6: A shemati overview of the turbulent regions of wall bounded ows.
(Experimental data is only exemplied.)
be valid for near-wall alulations (Pope, 2000). Hene, for suh turbulene
models, the problem needs to be solved in another manner.
The most ommon industrial approah is to use standard wall funtions
(Durbin and Petterson Reif, 2003; Pope, 2000; White, 2006), whih essen-
tially employs a linear veloity prole very lose the wall (if the grid is ne
enough)  in the so-alled visous sublayer  and a logarithmi prole a little
bit farther from the wall  in the log layer. The former relation is given by
U+ ≈ y+
whereas the latter relation, known as the law of the wall or the log-law, is
given by
U+ =
1
κ
ln(y+) +A
where A and κ are onstants. Note the dimensionless quantities U+ = U/u∗
amd y+ = yu∗/ν, in whih u∗ =
√
τw/ρ (where τw is the wall frition,
i.e. wall shear stress). These variables are saled to simplify the Navier-
Stokes equation for wall-bounded ows, so that y+ equals one Kolmogorov
sale, i.e. the smallest turbulent length sale (below whih all energy is
dissipated). The transition between the visous sublayer and the log layer
lies around y+ ≈ 30. Figure 2.6 show the dierent wall regions and the
relevant relations for ows lose to a straight, smooth wall.
Unfortunately, the law of the wall holds only for a few very simple ows,
suh as e.g. turbulent fully developed plane hannel ow. Therefore, a two-
layer zonal model will be used in this study. The speis an be found in
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the Fluent 6.3 User's Guide, but the two-layer model will be roughly outlined
here.
In the two-layer zonal model, the ow domain is divided into the visosity-
aeted region lose to walls and the fully-turbulent region farther from walls.
In the latter region, the standard model (e.g. the k−ε or SMC model) is used.
In the visous-aeted region, though, the one-equation model of Wolfstein
(1969) is used. In this model, the k-equation and the momentum equations
are the same as in the hosen standard turbulene model, but the turbulent
visosity formulation is dierent, namely
µT,2layer = ρcµℓµ
√
k
where ℓµ is a length sale depending on the distane from the nearest wall, yw,
and the turbulent wall-distane-based Reynolds number, Rew =
yw
√
k
ν . Rew
also determines the point at whih the turbulene model hanges between the
standard model and the one-equation model: For Rew < 200, one assumes
near-wall visosity eets, and the one-equation model is used. For Rew >
200, the region is supposed to be fully turbulent, and the standard model
equations are used. The dissipation rate in the visosity-aeted layer is
given algebraially, as ε = k3/2/ℓε, in whih ℓε is a length sale omputed
similarly to ℓµ.
The solution from the visosity-aeted region is blended with the solu-
tion from the fully-turbulent region through a blending funtion.
In the ase where the grid is not ne enough to resolve the visous sub-
layer  either through integration, as for the k − ω and Spalart-Allmaras
models, or through the two-layer zonal model given above, as for the k − ε
and SMC models  enhaned wall funtion will be used. Enhaned wall
funtions dier from the standard wall funtions mentioned earlier, in that
they blend a modied version of the linear (laminar) wall veloity prole
with a modied version of the logarithmi law of the wall veloity prole,
using a speial blending funtion. The mesh used in this study, however, is
ne enough to avoid the use of enhaned wall funtions. Thus only the pure
two-layer zonal model outlined above will be used.
Note that, for the Spalart-Allmaras model, the modied turbulent vis-
osity is set to zero at walls. In this study, as the omputational mesh will
be ne enough to resolve the laminar sublayer, the wall shear stress will be
obtained from the laminar stress-strain relationship, i.e.
u
wall
u∗
=
u∗yw
ν
where u
wall
is the veloity parallell to the wall.
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2.6 Partile Transport and Deposition
In this study, two dierent models will be used to investigate partile trans-
port. First, a passive salar onentration eld will be superimposed on the
already known ow eld. The development of the mean onentration eld C
is governed by the transport equation (2.3.10) whih was derived in Setion
2.3.2.
In Setion 2.3.2, however, an equation for the salar ux was also derived.
To simplify the omputations somewhat, one often models the salar ux
diretly, and that will be done in my simulations as well. The salar ux will
in this study be modeled in a very simplied manner, i.e. uic = µT
∂C
∂xi
.
The main goal of the salar simulation is to ompute how air ontaining
a dilute dispersion of partiles will spread down into the respiratory system.
Hene, one the ow eld of lean air is found from equations (2.3.5) and
(2.3.6), equation (2.3.10) will be solved for a mean salar eld C representing
polluted air. The polluted air is modeled with the exat same properties as
air. In other words, the propagation of (polluted) air in (lean) air will be
simulated. The approximation of pulluted air being similar to lean air is
valid, sine the few partiles in the polluted air hange the properties of the
uid only insigniantly. For example, assuming the partiles to be droplets
of liquid with the density of water, the density of polluted air with 1 ppm
water hanges from lean air only by 0.08%.
In addition to prediting the onentration eld of polluted air as de-
sribed above, a set amount of disrete partiles will also be injeted at the
inlet. Disrete partiles are easier to model when prediiting deposition,
and the disrete model also inorporates inertia eets ignored by the salar
transport model. Therefore I have foused mainly on the disrete approah
in this paper. Eah of the disrete partiles will be traked through the
domain, so that the paths of individual partiles may be estimated. The
displaement of a given partile follows from integrating the fore balane
on the partile, whih an be written in a Lagrangian referene frame. In the
xp diretion of the referene frame, i.e. tangent to the partile trajetory,
the fore balane an be written as
du˜p
dt
= FD(u˜xp − u˜p) +
gxp(ρp − ρ)
ρp
+ Fxp (2.6.1)
Here, u˜xp and u˜p is the uid and partile veloity, respetively, in the xp di-
retion. FD is the drag fore in the xp diretion, ρ and ρp are the densities of
the uid and the partile, respetively, and gxp is the gravitational aelera-
tion in the xp diretion. Fxp takes into aount pressure-gradient and virtual
mass eets. In the ase studied within in this paper, thermophoreti fores,
brownian fores and lift fores are assumed to have negligible eets. The
ordinary dierential equation (2.6.1) is solved by impliit Euler integration
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or trapezoidal integration, depending on a stability ondition related to how
far the partile is from hydrodynami equilibrium.
The drag fore is modeled by the Stokes drag, i.e.
FD =
18µ
Ccρpd2p
in whih dp is the diameter of the partile, and Cc is the Cunningham or-
retion omputed from
Cc = 1 +
2λ
dp
(1.257 + 0.4e−(1.1dp/2λ))
where λ is the moleular mean free path. For standard pressure onditions,
the Cunningham orretion is signiant only for submiron sales.
The term Fxp inorporates fores indued by so-alled virtual mass and
pressure gradients in the uid, and it is given by
Fxp =
1
2
ρ
ρp
d
dt
(u˜xp − u˜p) +
(
ρ
ρp
)
u˜p,i
∂u˜xp
∂xp,i
It should be realized that many simpliations are used in the partile
transport model: By onsidering the partiles individually and assuming
onstant size, eets suh as evaporation, agglomeration and partile olli-
sions are negleted. Suh expansions of the model ould be made in later
work, but in the ase of rapid breathing and low-density partile systems,
the simpliations applied in this study provides a good starting point.
2.7 Unsteady RANS Modeling
Unsteady RANS modeling an be used when the statistis of a ow vary in
time. The governing equations are as given in (2.3.5) and (2.3.6), in whih
a nonzero time-derivative term in (2.3.5), i.e. ∂tUi, signies an unsteady 
or transient  mean ow eld.
The turbulene models already disussed an be applied to the unsteady
RANS model as well. The numeris of unsteady RANS modeling resembles
that of steady state RANS modeling, only with an additional numerial
sheme for the time advanement  usually a nite dierene sheme, suh
as the bakward Euler sheme or the seond-order disretization sheme.
It is worth mentioning that even for ows assumed to be steady-state,
unsteady RANS might provide useful. Some turbulent ows, suh as ows
through domains with many obstales, might never stabilize to one ow
pattern. This means that the mean ow itself will osillate bak and forth
between two or more states, whih might aet quantities suh as mean wall
shear stress per time. Moreover, for unsteady ows suh as this, it is unlikely
that a onverged solution an ever be found, sine there is no steady state
to onverge to.
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I will fous on steady state RANS simulations in this paper, but one
unsteady simulation has been done. It is outlined in Setion 3.2.4, and the
results are ommented on in Setion 4.2.
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Numerial Method
3.1 Computational Fluid Dynamis (CFD)
3.1.1 The Finite Volume Method
The Finite Volume Method (FVM) is by far the most ommon numerial
method in Computational Fluid Dynamis (CFD). The approah is quite
similar to the Finite Dierene Method (FDM), whereas it diers quite a bit
from the Finite Element Method (FEM) ommonly used in solid mehanis.
In the FVM, the physial domain is divided into several smaller omputa-
tional ells - or data ells - arranged in what is referred to as a omputational
mesh or grid. These ells an be thought of as ontrol volumes over whih
onservation equations are solved to obtain a solution. The variable or quan-
tity one solves for is stored in a data point loated in the enter of the ell.
The ells are assumed to be very small ompared to gradients of veloity,
pressure and other salars, so that the entire ell an be assumed to be of one
value when doing omputations. However, note that even though a variable
is assumed onstant through an entire ell, gradients and values between ell
enters an be obtained through interpolation when required!
When solving the onservation equations for mass, momentum and other
salars for a omplex geometry, one essentially tries to satisfy the onserva-
tion equations for eah ontrol volume. The proedure an be outlined as
follows:
1. The geometry is divided into smaller omputational ells by a pro-
ess alled meshing (this must be done manually prior to the atual
numerial solution).
2. The governing onservation equations are integrated over eah on-
trol volume (i.e. eah omputational ell), thereby onstruting dis-
retized algebrai equations for the disrete dependent variables (ve-
loities, pressure, temperature, salars).
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3. The disretized equations are linearized, and the resulting linear sys-
tem is solved to yield updated values of the dependent variables. The
linearization is aeptable, sine the ells are small.
In this study, Fluent (see Setion 3.1.3) solves the linear system of equa-
tions through a Gauss-Seidel linear equation solver, in onjuntion with an
algebrai multigrid method. Fluent is also used with the pressure-based
segregated solver. In this approah, one rst solves the oupled equations
(momentum and mass) in a deoupled manner and then uses a pressure or-
retion equation (obtained from the omputed mass ux and veloity eld)
to nd the pressure eld. While this method is slower than a true oupled
solver, it uses muh less memory. To obtain values at ell faes (required
e.g. for salar ux omputations) an upwind seond-order sheme is used
(exept when it omes to pressure values, whih are interpolated in a some-
what dierent way, using momentum equation oeients). Gradients are
omputed by linearly interpolating the values at two neighboring ell enters,
i.e. through an arithmeti average.
As an example of the solution proedure outlined above, onsider the
general mass onservation equation. On integral form, it reads∮
ρv · dA = 0
in whih A is the area (with diretion of the area normal vetor) of a given
ontrol volume's boundary. For a spei ell, the above equation an be
integrated over an entire omputational ell, giving the disrete equation
N
faes∑
f
JfAf = 0
where Jf is the mass ux through fae f , i.e. ρvn (in whih vn is the veloity
normal to fae f). Jf is omputed somewhat dierently from other ell
fae values, to avoid an unphysial phenomenon alled hekerboarding of
the pressure (in whih the pressure variations are step-shaped instead of
smooth). Namely, Jf is found from a momentum-weighted average, using
weighting based on a oeient from the linearized disretized momentum
equation.
When solving a problem with the FVM, the solution is obtained itera-
tively. Therefore, the system of equations must be solved several times, using
the most reent old solution as a basis for a new one. A solution proedure
might require several thousands of iterations, depending on the auray re-
quirements. Also, before beginning the solution proedure, i.e. before doing
the rst iteration, the solution must be initialized. This basially means that
one must provide the solver with some inital guess of the solution, on whih
the algorithm an base its onseutive omputations. Often the solution is
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initialized at zero, but ideally the initialization should be based on an edu-
ated guess as lose as possible to what the real solution should look like 
this results in a more eient solution of the problem.
3.1.2 Convergene
Sine the atual orret solution to a CFD problem seldom is known, it is
not possible to aurately predit the numerial error in the omputations.
However, several measures exist to determine the estimated error. One of the
more ommon ones is that of residuals. Briey, the residual says something
about the imbalane between two values whih should be equal  a smaller
dierene imply that the solution is nearing onvergene. However, one an
not know for ertain if the solution has onverged to the orret result 
physial interpretation is needed to establish this. If the residuals between
onseutive iterations approahes a nite value, the solution is said to be
onverged.
If omputers had innite preision, the residuals should have approahed
zero when nearing onvergene. As omputers have nite preision, though,
a stabilization of residuals at a small enough value implies onvergene. As
long as the residuals generally derease for eah iteration, one is usually
approahing a stable solution  but not always! If the residuals onstantly
inrease or utuate, a solution annot be found with the hosen numerial
and/or mathematial model, and the solution is referred to as diverging.
In Fluent, the ontinuity residual is found by summing the exess mass
reation over all ells. The momentum onservation residual is found by
summing the imbalanes in the linearized disretized momentum onser-
vation equation over all ells. Other salar quantities have their residuals
omputed similarly to momentum.
The residuals should be seen in omparison with some relevant value.
Therefore, saled residuals are usually used. In Fluent, the saled residuals
for ontinuity give the residual for a given iteration ompared to the largest
residual out of the rst ve iterations of the solution proedure. The saled
residuals for momentum (and salar) onservation ompares the residual for
a given iteration to a fator representative of the ow rate of the salar (or,
in the ase of momentum, veloity omponent) through the domain. More
details an be found in the Fluent 6.3 User's Guide.
3.1.3 Fluent 6.3
In this study, the ommerial solver Fluent 6.3 is used to ompute ow elds
and partile trajetories. Fluent 6.3 utilizes the Finite Volume Method and
is a software tool ommonly used in the CFD industry. Other similar CFD
software pakages inlude e.g. CFX or STAR-CD. More details about the
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Table 3.1: RANS losures to be tested (Fluent 6.3 User's Guide)
Case Model Class
I Spalart-Allmaras (Spalart and Allmaras, 1992) Salar, 1-eqn.
II Standard k − ε (Launder and Spalding, 1972) Salar, 2-eqn.
III RNG k − ε (Yakhot and Orszag, 1986) Salar, 2-eqn.
IV Realizable k − ε (Shih et al., 1995) Salar, 2-eqn.
V Standard k − ω (Wilox, 1998) Salar, 2-eqn.
VI SST k − ω (Menter, 1994) Salar, 2-eqn.
VII Reynolds Stress Model (Gibson and Launder,
1978; Launder, 1989a,b) (LPS)
Tensor, 7-eqn.
VIII Reynolds Stress Model (Gibson and Launder,
1978; Launder, 1989a,b) (QPS)
Tensor, 7-eqn.
IX Reynolds Stress Model (Gibson and Launder,
1978; Launder, 1989a,b) (Low-Re ω)
Tensor, 7-eqn.
spei solver options of Fluent used in this study an be found in Setion
3.2.3.
3.1.4 Closure Models
The RANS losure models onsidered in this paper are listed in Table 3.1.
Details an be found in previous setions of this paper.
As the ommerial CFD software ANSYS Fluent 6.3 have been used to
perform the simulations in this study, Fluent's implementation of the models
in Table 3.1 have been used. The theory behind the models is desribed by
Pope (2000), Durbin and Petterson Reif (2003), and in the Fluent 6.3 User's
Guide, among others. Some details, and an example of a model derivation,
an also be found in Setion 2.4 of this paper. Spei values of the model
onstants used in the present study an be found in the Fluent 6.3 User's
Guide.
Exept for the modiations listed in Table 3.2, all models have been
employed with Fluent's standard options. All of the speial options indiated
in Table 3.2 are seleted mainly due to two reasons: The laminarization
that takes plae in the lower airways is aounted for by the Transitional
Flows option (by introduing a damping of the turbulent visosity in the
model equations  see Setion 2.4.4), and the need for aurate near-wall
modeling leads to the use of Enhaned Wall Treatment (see Setion 2.5).
The Pressure Gradient Eets option only modies one term of the enhaned
near-wall funtion of the EWT model, so that pressure gradient eets are
inorporated in the enhaned wall funtions. Due to the high resolution
of my mesh, though, enhaned wall funtions will likely not aet the nal
44
3.2 Pre-Proessing
Table 3.2: Alterations of Fluent's standard model options
Case Option
II Enhaned Wall Treatment (EWT)
with Pressure Gradient Eets (PGE)
III EWT with PGE
IV EWT with PGE
V Transitional Flows
VI Transitional Flows
VII Linear Pressure-Strain with EWT and PGE
VIII Quadrati Pressure-Strain with Non-
Equilibrium Wall Funtions
IX Low-Re model with Transitional Flows
solution. PGE was nevertheless enabled, to make sure that pressure gradient
eets were inluded in possible oarse parts of the mesh.
3.2 Pre-Proessing
3.2.1 Physial Dimensions
The airways geometry is ontained in a ube of approximate dimensions (in
m) (∆x,∆y,∆z) = (8.7, 14, 18), where ∆z represents the height, i.e. the
axial diretion of the trahea. The inlet diameter is about 2.3 m, and eah of
the eight outlets has a diameter of about 0.88 m. The length of the straight
part of the trahea (from the epiglottis down to the rst bifuration) is about
16 m.
3.2.2 Mesh Generation
To employ the Finite Volume Method of Setion 3.1.1, a geometry needs to
be divided into smaller ells. This proess is alled meshing, and the resulting
meshed geometry is referred to as a mesh. Naturally, a given geometry an
be meshed in hundreds of ways, but it turns out  not surprisingly  that
some meshes are better than others.
In fat, for any CFD simulation, the quality of the mesh is vital. As one
has not yet been able to make adequate automati mesh generators, almost
all meshing must be done manually. The meshing proedure is ostly; usually
more than half the projet time for a CFD ase goes to meshing.
Often, CFD algorithms will only onverge toward a solution if the mesh
is of suient quality. Moreover, even if a solution an be found, the results
from a CFD simulation annot be relied upon unless the mesh satises a
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Figure 3.1: The omputational mesh at the inlet.
number of requirements. These requirements are highly problem-dependent,
and knowledge of uid mehanis is essential when onsidering the mesh
setup. Examples of mesh requirements are the need to have well-shaped
ells (little skewness), no big volume dierenes between adjaent ells, and
the need for smaller ells near impermeable surfaes.
In order to minimize omputation time, a strutured mesh has been used
in this study. A strutured grid also allows for more ontrol over the numeri-
al instabilities (numerial diusion) whih ours during the omputations.
The volume of the geometry shown in Figure 2.4 on page 17 was meshed
with hexahedral ells.
Several grids were tested to ensure grid-independent solutions, and the
mesh nally used for the simulation results reported here onsisted of about
480,000 ells.
The maximum permitted ell size overall was speied as 0.2 m in any
diretion, but this was only a limiting fator in the streamwise diretion. In
the irumferenial diretion, the node ount on the inlet was 118, resulting
in ell lengths of about 0.06 m. At eah of the eight outlets, 28 nodes were
plaed, also giving an approximate irumferenial ell length of 0.06 m.
An O-grid was implemented in the main ow diretion to avoid obtuse ell
angles (see Figure 3.1). Very obtuse or aute ell angles should be avoided
beause they redue numerial auray. Also, a dense boundary layer mesh
was employed normal to the walls. The rst layer, i.e. the wall-adjaent ells,
had a height (from the wall) of 0.005 m. A growth rate of 1.2 was used for
the following ten ells, resulting in a boundary layer of approximately 0.16
m. The ells further from the wall was set to have a maximum size of 0.1 m.
The mesh is shown in Figure 3.2 on the next page. A detailed illustration of
the grid at the inlet (i.e. the mouth) is shown in Figure 3.1.
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Figure 3.2: The lower and upper parts of the omputational mesh.
The above speiations were determined partly through test simulations
and partly through onsiderations of the turbulent sales. For all the simula-
tions onsidered, Enhaned Wall Treatment (EWT) was used for maximum
auray in the alulations lose to walls (see Setion 2.5). In order to
get the best results out of EWT, it was required that the wall-adjaent ell
enter was within a few Kolmogorov-sales from the wall. More speially,
y+ =
yu∗
ν , where u∗ =
√
τw/ρ is the frition veloity and τw is the wall shear
stress, should be within y+ . 5 for all wall-adjaent ells. Using the deni-
tion of y+, analytial alulations on irular pipes and test simulations to
determine wall shear stresses, the disussed mesh requirements were found.
Later simulations showed that the y+ requirement was then indeed satised,
as is exemplied in Figure 3.3 on the next page. Only the representative
simulations I, II, V and VII are shown in this gure, so that the results are
easier to see. However, the other simulations showed similar results. The
highest values of y+ were found in the ells adjaent to the glottis wall, where
y+ ≈ 2.
3.2.3 Solver Options
Fluent employs the nite volume method (FVM) to solve the required partial
dierential equations as algebrai equations. The pressure-based solver was
used with its standard options for all simulations. Fluent's upwind seond-
order disretization shemes were used to solve the equations of momentum,
as well as the model equations involved in the RANS model.
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Figure 3.3: Values of y+ at the glottis wall for ases I, II, V and VII.
To obtain the desired breathing rate, a uniform inlet veloity of 2.4 m/s
was hosen. For the 2.3 m inlet diameter, this orresponds to about Re =
3800, i.e. a turbulent low Reynolds number ow. However, the Reynolds
number at the inlet should not be given too muh weight, sine the geometry
hanges a lot downstream, and it is not the oral avity that it the most
important region in this study. For eah of the outlets, a pressure-outlet
boundary ondition was used, with a zero gauge pressure relative to the
operating pressure. In ase of any bakow, i.e. reversed ow, the bakow
diretion for a given ell was set to be alulated from the ow diretion in
the neigboring ells.
The uid region was speied as air with Fluent's standard parameters
of ρ = 1.225 and µ = 1.7894 · 10−5. Gravitational aeleration was set to
gi = (0, 0,−9.81) m/s2 and the operating pressure and temperature were set
to 101.325 kPa and 300 K, respetively.
The passive salar transport was modeled with Fluent's Speies Trans-
port Model, with two speies, (lean) air and (polluted) air, as disussed
earlier. An initial polluted air mass fration of 1, i.e. 100%, was speied at
the inlet at time t = 0 and the propagation of the polluted air was predited
through time. A time step size of 0.002 s was used. Note that while the
onentration was studied in time, the ow was steady.
For the disrete partile transport, Fluent's Disrete Phase Model was
used, without oupling between the ontinuous and the disrete phase. Flu-
ent's model is based on equation (2.6.1). The modeled speies was speied
as inert droplets of water with an estimated Cunningham fator of Cc = 1.
Separate simulations were performed for partiles with diameters of 1, 10
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and 20 µm. The partiles were released from four dierent uniformly spaed
grid planes at the inlet. For eah of the planes, two (in one ase three) re-
leases were simulated, adding up to a total of nine partile releases per type
of partile.
Turbulent utuations in the partile transport were aounted for by
using Fluent's Disrete Random Walk (DRW) model, in whih the eddy sizes
aeting the partile traks were alulated from the ow simulation results.
The DRWmodel was used with standard options, exept for enabling random
eddy lifetime. The omputational spatial step for the partile alulations
was set to 0.05 m. To aount for the presene of muus on the trahea and
bronhus walls, partile entrapment at the walls was enabled.
Only the realizable k − ε turbulene model (ase IV) was used to simu-
late partile transport, as it gave the best overall results for the single ow
simulations (as ompared to the LES data).
3.2.4 Unsteady RANS
In the unsteady RANS simulations, it is assumed that one full breathing
yle (in and out) lasts for π seonds, implying a breathing rate of about
19 yles per minute. The maximum veloity for a given yle is assumed
to be 2.4 m/s (as for the steady state simulations), and the inlet veloity
is assumed to be spatially uniform. That way, the transient simulation will
resemble the steady state simulation as muh as possible. More speially,
the inlet veloity for the transient ase is given as
U
inlet
= U
max
sin(2t)
in whih U
max
= 2.4 m/s and t is time. The implementation of this veloity
prole was written in C++ ode and used in Fluent as a so-alled User-
Dened Funtion. The C++ ode an be found in Appendix A.
For the unsteady simulation, the realizable k − ε model was used, as it
was the most promising model for the steady state ase (see Setion 4.1.1).
An impliit sheme, whih is unonditionally stable, was used with a time
step of ∆t = 6.2832 · 10−3. Thus, the 500 time steps that were simulated
orrespond to one breathing yle.
Also, for the transient ase, a (passive) salar onentration eld was
simulated. Initially, the inlet was assumed to have a 100% onentration of
polluted air while the rest of the geometry ontained only lean air. Then,
the propagation of the polluted air was studied in time. This ase diers
from the steady state salar eld simulation in that also the ow eld now
varies in time.
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4.1 Steady State Solutions
4.1.1 Airow
Flow simulations for all the RANS models listed in Table 3.1 were per-
formed. Exept for ase IX, all simulations produed reasonable physial
results. The reason for the deieny of ase IX is not presently known. The
Spalart-Allmaras method of ase I is inferior to the others, due to its lak of
information about turbulent sales (thus preventing the use of e.g. the DRW
model), but it produed the same ow preditions as the other methods.
Qualitative onsiderations indiated that the results of ase IV showed
the losest likeness to the LES data of Radhakrishan and Kassinos (2008).
Case IV also agreed well with the tensor models of ase VII and VIII. Only
ase IV was therefore used in the modeling of the speies transport, and hene
only this ase is onsidered in the following. Most of the other simulations
gave similar results to ase IV, only slightly diering from the one disussed
here.
It is interesting to note, when onsidering the strengths and weaknesses of
the various RANS models (disussed in Setion 2.4), that Case IV is indeed
also in theory one of the best hoies for the airways problem. The realizable
k − ε model is supposed to aount quite well for eets of separation and
reirulation as well as urvature. All of these features are likely to be
present in the airways ow. However, using any k− ε model might result in
exaggerated predited turbulene, as these models do not have any damping
term to lessen the turbulent visosity to suit transitional ows. In that
respet, the k−ω models might be more appropriate  suh models are also
supposed to work well with wall-bounded ows. However, in the simulations
onsidered here, the k − ω models showed higher onvergene residuals and
less likeness to the LES data than many of the other models. The SMC
models should in theory ope very well with both walls and urvature, but
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Figure 4.1: The veloity prole for the axial (z) veloity at the line z = x = 0 in the middle of
the trahea.
(a) (b) ()
Figure 4.2: Contour plots of axial (z) veloity and vetor plot of reirulation region.
suh models might also overpredit turbulene, due to details in the model
involving a turbulent visosity formulation. Besides, SMC models are slower
and harder to onverge.
Note that any quantitative omparison between various models has lim-
ited or no use in this study, sine it is the overall predited behaviour of
the ow whih must be onsidered. Single values suh as averages, integrals
or uxes annot be seen isolated from the total ow eld. Thus, looking at
qualitative results like veloity elds or pressure distributions is a reasonable
way to ompare the dierent models.
Figure 4.1 shows the axial veloity prole for a line going through the
enter of a ross-setion of the straight part of the trahea (between ut C
and D from Figure 2.4 on page 17). As seen, the prole has the semiparaboli
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shape typial for turbulent ows.
The traheal jet below the glottis illustrated through the axial velo-
ity in Figure 4.2(a) and 4.2(b) on the faing page is not unexpeted and
also agrees qualitatively with the LES results of Radhakrishan and Kassinos
(2008), and others (Ball et al., 2008; Lin et al., 2007). The jet is reated
by the ontration at the glottis. A similar jet is seen below the epiglottis.
The stagnation point at the bifuration is worth pointing out as well. Fur-
thermore, it an be observed that the ow diretion is upwards at the walls
below the epiglottis (ut B), hinting at separation and possibly a reirula-
tion region below the epiglottis. Indeed, Figure 4.2() on the preeding page
shows how the ow separates and irulates near the wall in this region. Note
also, in Figure 4.3() on the following page, the seondary ows present due
to the glottis (ut C). Suh ows have been reported earlier by numerous
researhers (Ball et al., 2008; Brouns et al., 2007; Kleinstreuer et al., 2008b).
Moreover, the magnitude of this swirl, relative to the axial ow veloity,
was found to be somewhat higher immediately below the glottis. Seondary
ows have also been reported in the main bronhi, below the rst bifuration
(Kleinstreuer et al., 2008a,b). Figure 4.4 on page 55 shows that these eets
were predited by the RANS model in this study as well.
Pressure ontours at uts A, B, C and D are displayed in Figure 4.5 on
page 56, ompared to those of Radhakrishan and Kassinos (2008) in the same
ut planes. The pressure values from the RANS simulation are normalized
to the LES data of Radhakrishan and Kassinos, in order to provide an easier
omparison. Lak of aess to the atual data les of Radhakrishan and
Kassinos prevented normalizing both pressure elds to e.g. a range of [0, 1].
The normalization applied to the RANS data in Figure 4.5 on page 56 is
given by
P
normalized
=
P − P
min
P
max
− P
min
(p
max-LES
− p
min-LES
) + p
min-LES
in whih P
normalized
is the pressure from the RANS simulation normalized
to the LES data, P is the atual RANS predited pressure eld, P
max
and
P
min
are the maximum and minimum RANS pressures, respetively, for the
pressure range shown in Figure 4.5 on page 56, and p
max-LES
and p
min-LES
are the maximum and minimum LES pressures, respetively, for the pressure
range shown in Figure 4.5 on page 56. The values of these parameters are
shown in Table 4.1.
It is lear that the ontours and pressure gradients from the RANS sim-
ulations losely resemble those of the LES runs. However, the pressure level
found in the present study are systematially lower than those of Radhakr-
ishan and Kassinos (2008), perhaps due to diering simulation operating
pressures between the two ases. This is, however, seondary sine it is only
the pressure gradient that is dynamially important.
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(a) Cut A. (b) Cut B.
() Cut C. (d) Cut D.
Figure 4.3: Vetor plots of veloities in the plane overlaid on ontour plots of veloity
perpendiular to the plane, f. Figure 2.4 on page 17. Maximum veloity magnitude in the plane
relative to the maximum veloity magnitude in the main ow diretion is 20.1% (ut A), 44.2%
(ut B), 4.25% (ut C) and 16.4% (ut D).
Table 4.1: A omparison of predited pressure values (Pa)
LES data (Radhakrishan and
Kassinos, 2008)
RANS data
Maximum pressure p
max-LES
= 157 P
max
= 119
Minimum pressure p
min-LES
= 60.5 P
min
= 57
Pressure range ∆p
LES
= 96.5 ∆P = 62
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Figure 4.4: Vetors in a ut plane just below the rst bifuration. This ross-setional ut
illustrates the presene of seondary ows aused by the bifurating ow. The vetors show
veloities in the plane (m/s) and are saled by a fator 10.
The pressure ontours agree well with the veloity proles disussed ear-
lier. The pressure drops throughout the trahea and the pressure ontours at
ut D learly indiate the oming of a bifuration at whih the ow will split
almost equally between the bronhi. Note also how the pressure ontours at
uts B and C are in agreement with the axial jets disussed earlier.
Finally, Figure 4.6(a) on page 58 shows the distribution of turbulene
kineti energy k. As reported by Radhakrishan and Kassinos (2008), it is
seen that areas of signiant turbulene are found below the glottis and
epiglottis. The region below the epiglottis oinides with the reirulation
region disussed earlier. In order to visualize the veloity utuation am-
plitudes ompared to the mean veloity, Figure 4.6(b) on page 58 shows
ontours of turbulene kineti energy per mean kineti energy, i.e. k/K,
where K = 12UiUi. As seen, the veloity magnitude varies with less than
10% of its mean value almost everywhere below the glottis. However, in
the upper regions, and partiularly in the reirulation regions, the utu-
ations are of the same order of magnitude as the veloity magnitude itself,
or higher. At the ore of the reirulation region below the epiglottis, the
energy of the veloity uutations are orders of ten times higher than the
energy of the mean veloity. This is beause at the enter of the reirulation
region, |U | → 0. Although |U | → 0, the turbulene prevails in this region
sine
∂Ui
∂xi
6= 0 in addition to diusion/transport eets. It is beoynd doubt
that suh regions make partile deposition hard to predit, and that tur-
bulene eets should denitely be aounted for when modeling ow and
partile transport in the upper airways.
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(a) Cut A: RANS Case IV data. (b) Cut A: LES data.
() Cut B: RANS Case IV data. (d) Cut B: LES data.
(e) Cut C: RANS Case IV data. (f) Cut C: LES data.
Figure 4.5: Contour plots of stati pressure variations, f. Figure 2.4 on page 17 (ontinues on
following page).
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(g) Cut D: RANS Case IV data. (h) Cut D: LES data.
Figure 4.5: Contour plots of stati pressure variations, f. Figure 2.4 on page 17 (ontinued
from last page).
4.1.2 Partile Transport and Deposition
For the transport of the passive salar, it was found that at t = 0.188 s, the
entire geometry ontained polluted air (more than 99,7%). An animation of
the propagation was also reated, in whih the spreading rate and pattern
an be observed in time. Not surprisingly, the polluted air propagates most
rapidly in the enter of the trahea, where the onvetion veloity is highest.
Figure 4.7 on the following page shows a snapshot of the pollution spread at
time t = 0.04 s.
When it omes to the partile deposition, statistis gathered from the
Lagrangian (disrete phase) simulations are summarized in Table 4.2. It is
seen that as partile sizes inrease, the deposition inreases dramatially.
For 20 µm partiles, all partiles are aptured at the walls, whereas for 1
µm partiles, only half of the partiles are trapped. The entrapment data
for 10 and 20 µm partiles agrees well with other omputer simulations and
experiments (Jin et al., 2007; Kleinstreuer et al., 2008a), but aording to
the same researhers, partile entrapment for 1 µm partiles should be muh
lower than what is found in this study. Possible reasons for this inlude exag-
gerated entrapment onditions at the walls, wrongly estimated Cunningham
fator, or negligene of possibly non-negligible eets suh as Brownian mo-
tion. The most likely reason, however, is an overpredition of turbulene
intensities. RANS models are ill-suited for regions of laminarization, and
therefore the present RANS simulation may have exaggerated the eet of
turbulent utuations on the partiles, partiularly in the areas below the
glottis. This eet will be more dominant for smaller partiles, whih arry
less momentum and therefore are more suseptible to variations in the ow
eld.
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(a) Turbulene kineti energy k. (b) Turbulene kineti energy per mean ki-
neti energy k/K.
Figure 4.6: Contours illustrating turbulene kineti energy.
Figure 4.7: The propagation of polluted air at t = 0.04 s.
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Table 4.2: Partile deposition summary
Partile Size Number of partiles Deposition Rate
1 µm 4736 54.8%
10 µm 4736 97.5%
20 µm 4736 100.0%
In addition to the partile releases disussed above, a numerial simula-
tion for 1 µm partiles was done, in whih turbulent utuations were not
taken into aount when omputing partile traks (i.e. the DRW model was
disabled). It is interesting to note that in this simulation, the deposition ef-
ieny was only 4.46%. Without further analysis of these data, in the least
this indiates the importane of turbulene intensities on partile deposition.
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(a) 1 µm. (b) 10 µm. () 20 µm.
Figure 4.8: Deposition patterns for the three partile sizes simulated.
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Figure 4.8 on the preeding page shows the deposition patterns for the
three dierent partile sizes. First of all, it is lear that the deposition
inreases for inreasing partile size, as is also shown in Table 4.2 on page 59.
Seondly, it is of interest to observe the hanging deposition patterns for
the varying partile sizes. Already in the oral avity, a muh larger amount of
the heavier partiles are deposited at the posterior wall. The larger partiles
have more inertia, and are therefore less inlined to follow the airow around
the sharp bend down to the trahea.
Another observation is that the deposition around the epiglottis (ut B)
is more apparent for bigger partiles. This might be the eet of urvature
disussed above, as the deposition eieny is partilularly high at the pos-
terior wall, but it might also be due to the sudden narrowing of the airway
at the epiglottis. The larger partiles have too muh momentum to follow
the rapidly ontrating ow, and so they hit the wall.
The glottis (ut C) also athes interest. For the 1 µm partiles, two
deposition rings an be observed by the glottis. Note that the upper ring
is more dense for the heavier partiles, whereas the lower ring atually dis-
appears for suh partiles. This indiates two main things: Firstly, as for the
epiglottis, heavier partiles are more likely to be deposited at the upper part
of the glottis, due to their inherent resistane to rapid airow hange. And
seondly, one the airow expands again, the inertia of the heavier partiles
keeps them away from the wall, whereas the light partiles follow the ow
more losely and are deposited. In addition to inertia eets, gravity also
ats to ause the observed eets at the glottis, but the eet of gravity is
minimal ompared to onvetion at the glottis.
The last point of interest onerns the bifurations. As is learly seen in
Figure 4.8 on the preeding page, deposition at the bifurations is negligible
for the 1 µm partiles, whereas there is a substantial amount of deposition
of the larger partiles in this area. Again, this is aused by the inertia of the
heavier partiles. However, in the lower airways, from the end of the trahea
and below, gravity also plays a more important role. Thus the deposition
eieny of the heavier partiles inreases both due to gravity and inertia.
This eet is seen in all the bifuration levels, and for the lower generations,
gravity is the dominant eet. This an be seen partiularly well e.g. in the
lowest bifurations of the 20 µm partile simulation, in whih deposition is
only on one side of a bifuration, i.e. on the lower side.
When omparing these results to those of Radhakrishan and Kassinos
(2008), whih only inlude deposition in the lower airways, there are two
main dierenes. Firstly, the LES simulation of Radhakrishan and Kassinos
predits less deposition on the straight parts of the trahea and bronhi
walls. This might indiate that there is a dierene in the predition of
turbulene kineti energy between the LES and the RANS model. The latter
is muh more likely to overpredit the intensity, whih provides a plausible
explanation of the observed dierene in partile deposition.
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The seond dierene regards the deposition in the bifurations. Rad-
hakrishan and Kassinos (2008) show a onsiderable deposition even for the
1 µm partiles, whereas the results from the present study predits no suh
deposition, similar to the study of e.g. Jin et al. (2007). Due to the stag-
nation point at the bifuration (see Figure 4.2 on page 52), it would seem
reasonable for the light partiles, whih follow the ow, not to beome easily
entrapped at the bifuration. It is possible that the LES grid of Radhakris-
han is too oarse in this region, whih would ease the entrapment of partiles.
This ould explain the observed dierene. Another explanation is simply
that the LES simulations injeted more partiles, thus making the deposi-
tion more apparent in all parts of the geometry. Finally, the reason may be
related to the swirling jet in the trahea, disussed in Setion 4.1.1. This jet
has been ompletely dissolved at the bifuration in the RANS simulations.
In the LES simulations, on the other hand, the swirling jet is present all the
way down to the epiglottis (Radhakrishan and Kassinos, 2009). Suh a jet
might inrease partile deposition at the bifuration.
The data shown in Figure 4.8 on page 60 was obtained through a rather
laborious manner. The Disrete Phase Model was used in Fluent, and for
eah time step, every partile's position was written to a le. Several les
had to be reated to avoid exessive le sizes. The partile les were then
modied manually a little bit, to suit the format required for MATLAB.
Then, the les were read into MATLAB, at whih point a small algorithm
piked out all oordinates at whih any partile ended its trajetory. These
end point oordinates were then exported to a new le, whih was read
into the graphial plotting program Teplot. Finally, in Teplot the three-
dimensional geometry of the airways was oupled with the end point oordi-
nate le to reate the gures shown here. The MATLAB sript is inluded
in Appendix A.
4.2 Transient Solutions
4.2.1 Airow
Not muh time has been spent on the transient simulations. It has been
established that unsteady RANS is easy to implement in the ommerial
solver Fluent. It is, however, harder to nd a onverged solution than for
the steady state simulations.
Figure 4.9 on the faing page shows two snapshots of the time-developing
veloity eld. The rst time is during inhalation and the seond time is
during exhalation. For the inspirational ase (t = 0.30 s), it is seen that
the veloity eld is beginning to approah the eld predited in the steady
state simulations. For the expirational ase (t = 1.71 s), the ow is learly
reversed. Thus, a jet develops above the glottis and epiglottis instead of
below, and some swirls are produed in the oral avity.
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(a) t = 0.30 s. (b) t = 1.71 s.
Figure 4.9: The unsteady mean veloity magnitudes.
It is lear that more studies of transient breathing yles should be on-
duted; even though the veloities are generally lower than for the steady
state ase, the hange in ow diretion may produe other  and perhaps
even more pronouned  turbulene eets than the steady state ow.
4.2.2 Salar Transport
Only salar transport has been onsidered for the transient airow. It is likely
that only the inspirational part of the breathing yle provides reliable data,
sine the boundary onditions may be wrong for the expirational breathing,
during whih the original outlets of the bronhi beome inlets.
Salar transport in transient airow was diult to simulate, mainly
due to problems with obtaining a onverged solutions. The solver in Fluent
did partiularly struggle when the inhalation turned to exhalation, i.e. at
halfway through a breathing yle. This is probably onneted to division
by zero-like problems in the numerial solver.
In any ase, Figure 4.10 on the next page shows the distribution of pol-
luted air in the lungs at time t = 0.30 s. Note that the distribution is
somewhat similar to that of the steady state ase (Setion 4.1.2), but that
the time spent to reah suh a distribution is muh longer. This is not unex-
peted, sine the steady state ase was omputed for the maximum veloity,
a veloity whih is not reahed until about t = 1.57 s in the transient ase.
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(a) 3D illustration. (b) 2D illustration.
Figure 4.10: The propagation of polluted air at t = 0.30 s.
Nevertheless, it is seen that the polluted air quite rapidly spreads into
the bronhi. At t = 0.50 s, more than 99% of the geometry was lled with
polluted air. The simulation also suggests that the polluted air is quite
quikly pushed out of the lungs again during exhalation  but as mentioned,
the results of the simulated exhalation might not be entirely orret. Note,
nally, that the propagation of the polluted air in a given ut plane is more
even in the transient ase than in the steady state ase. In the latter, the
distribution of onentration in a ut plane is muh more paraboloidi.
Sine the propagation of a passive salar is slower in yli breathing than
for the steady state ase, partile deposition is likely to be lower in reality
than predited by the steady state ase.
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My work with this thesis has given me valuable insight into turbulene mod-
eling, espeially related to Reynolds-Averaged Navier-Stokes (RANS) mod-
els. It is lear that although RANS models may be replaed by Large Eddy
Simulations (LES) or Diret Numerial Simulations (DNS) omputations in
many ases  espeially as omputer apabilities expand  RANS models
provide a quiker way of prediting turbulent ows. In this study, it has
been seen that RANS an apture most aspets of the mean ow, even for
ows in ompliated geometries. Thus RANS models are useful for industrial
purposes and in ases where the geometries are too omplex (or large) for
LES or DNS to onverge in reasonable time. An additional drawbak of LES
and DNS is that, even with unlimited omputer power, boundary onditions
are harder to speify than for RANS modeling.
The literature study onduted in onnetion with this paper has revealed
that CFD applied to biomedial ows has vast room for improvement. Most
researh so far uses idealized geometries, limited partile transport models
and often simplied turbulene models. Besides, aspets related to the nu-
merial methods an probably be improved. As omputing power inreases
and more advaned mathematial models emerge, ases suh as that studied
in the present paper an be expanded in numerous ways, as will be disussed
shortly.
Most of the RANS models investigated in the present study showed on-
vining results for the ow eld. Case I ontained less information than the
other salar models, and ase IX produed unreasonable results. The reason
for this failure is unknown, but it is suspeted that the near-wall treatment
in the model of ase IX is inadequate for suh low Reynolds number ow
onsidered here. Otherwise all the losure models ould have been used to
predit partile transport. Case IV was hosen for the partile transport
models, as this salar model resembled the tensor models and the LES data
of Radhakrishan and Kassinos (2008) marginally more than the other mod-
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els.
The predited mean ow eld was in lose agreement with the LES data
(Radhakrishan and Kassinos, 2008) on most aounts. The traheal jet,
seondary ows and stagnation points predited by other researhers were
also present in the RANS model used in this study. A reirulation region
below the epiglottis was also predited. The most notable dierene between
the LES and the RANS data was the predition of turbulene kineti energy,
partiularly for the low turbulene regions.
The partile deposition showed that the deposition rate inreased with
inreased partile size. While this is in agreement with other studies, the pre-
dited deposition eieny for the 1 µm partiles was nevertheless higher in
the present study than reported by others. The deposition patterns showed
that inertia aets deposition dramatially. Gravity also has an eet on
heavier partiles in the bronhi. Deposition in the oral avity and bifura-
tions inreases partiularly muh with partile size. These results onur
with other studies.
Conerning the time-dependent solution, it has been shown that unsteady
RANS modeling is possible, although harder to onverge, in Fluent. Tran-
sient simulations probably give more realisti preditions of the airow, and
turbulene eets might dier from the steady state ase. Propagation of a
passive salar is slower in a sinuous breathing yle than for a steady state
inspirational ow, and therefore partile deposition in the unsteady ow will
probably be lower than for the steady state ase.
It is evident that a lot of future work related to ow and partile trans-
port in the airways should be done. The respiratory system onstitutes a
omplex geometry, and numerous improvements on the geometry used in the
urrent study ould be introdued. The eets of unsteady breathing should
denitely be investigated, as should a broader range of partile sizes and
densities. Eets of temperature and two-way oupling with the ontinuous
phase ought to be studied as well. And nally, the hallenge of prediting
laminarization using RANS models persists.
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A
Computer Code
A.1 C++
The transient inlet veloity of the unsteady RANS simulations were imple-
mented with the following C++ ode, used in onjuntion with the Fluent
User-Dened Funtion libraries.
#inlude "udf . h"
#define UMAX 4.8361
#define RADIUS 0.01147343433
#define YC 0
#define ZC 0.1020012
#define T 1.57079633
DEFINE_PROFILE( vel_prof_t , t , i ) {
r e a l pos [ND_ND℄ ;
r e a l y ;
r e a l z ;
fae_t f ;
r e a l a ;
r e a l t i d = CURRENT_TIME;
a = sq r t (UMAX/(RADIUS*RADIUS) ) ;
begin_f_loop ( f , t )
{
F_CENTROID( pos , f , t ) ;
y = pos [ 1 ℄ ;
z = pos [ 2 ℄ ;
F_PROFILE( f , t , i ) = UMAX* s i n (2* t i d ) ;
}
end_f_loop ( f , t )
}
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A COMPUTER CODE
A.2 MATLAB
The following ode piks out end points from partile trajetories and writes
them to a vetor. After exeuting this sript, the three resulting vetors are
written to an ASCII le that an be read into the plotting program Teplot.
% For N p a r t i  l e t r a  k s g i ven by oord ina t e s px , py , pz and time
t , t h i s
% f i l e summarizes the t rak s ' endpo in t s in th ree v e  t o r s x , y , z
.
 = 1 ; % Counter
T = length ( t ) ;
t (T+1) = 0 ; % Adds a l a s t po in t o f zero to t to i n  l ud e l a s t
p a r t i  l e t rak
for j = 1 :T
i f t ( j +1) < t ( j ) % A pa r t i  l e t rak ends i f time t i s r e s e t .
l i f e (  ) = t ( j ) ; % Par t i  l e l i f e time
x (  ) = px( j ) ; % Par t i  l e endpoint ' s x−oord
y (  ) = py( j ) ; % Par t i  l e endpoint ' s y−oord
z (  ) = pz ( j ) ; % Par t i  l e endpoint ' s z−oord
 = +1;
end
end
x = transpose ( x ) ;
y = transpose ( y ) ;
z = transpose ( z ) ;
COORD = [ x y z ℄ ;
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